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Ddut^rium provides the moat suitable targ^et for
I
studying the basic process of negative pion photoproductionI
at a free neutron. For photon energies well above 
threshold tho spectator model has been used to relate 
pion photoproduction in doutorioa to photoproduction at
I a free neutron, Xn 1957 when the work described in this
thesis vas initiated no experimental test of the 
epectator model that clearly supported its validity for 
negative pion photoproduction in deuterium had boon 
reported, An experiment done using the bremsetrahlung 
beam of the Glasgow electron synchrotron is described.
A scintillation counter technique was used, and the 
energy spectrum and angular distribution of tho recoil 
protons detected in coincidence with negative pions from 
deuterium were compared with the predictions of tho 
spectator model, Ueasonablo agreement was obtained.
Charged pion photoproduction in hydrogen and deuterium 
is discussed in Chapter X, A detailed discussion of 
experimental testa of the spectator model and the impulse 
approximation is given,
The calibration of the response of conmorcially 
available plastic scintillator is described in Chapter II,
Thie work was largely my own.
Tho construction, testing, and calibration of the 
scintillation counter telescopes and the associated 
electronics is given in Chapter III. The proton
teloacopo was constructed by myself, Tho pion telescope
was adapted from an existing counter telescope. The 
author assisted in tho construction of tho display unit 
and was entirely responsible for tho counter tests 
described.
In Chapter IV tho mcasurenent of tho recoil proton 
energy and angular distributions is doscribed and the 
results presented. None of the work included in the 
description of the synchrotron was done by the author.
The liquid targot was constructed and operated by 
Mr, D. Miller, X was assisted in the collection of data 
by Hr, B. Patrick. The analysis of the data was done 
by c^solf,
The recoil proton energy spectra and angular 
distributions for Y ♦ n p ♦ x** and for the spectator 
model description of Y + d 2p ♦ x"* are calculated in 
Chapter V, The computation of the spectator model 
kinematics using Deuce was done by Hr, I.Barbour, The 
remainder of the work was done by the author.
The discussion and the conclusions presented in 
Chapter VX are my own.
I wish to thank Professor P.I. Dee F.n.S. for the 
intoroat ho has shown in this work and for extending to 
me the privilege of working in his laboratory. 1 axa 
grateful to Professor B.II. Bellamy for supervision 
during the first 3 years of this work and to Dr. J. 
Hutherglen for his assistance and advice during the later 
stages. It is a pleasure to thank Dr. HoFarlane and 
his synchrotron crow for their invaluable assistance.
X am also indebted to Mr. D. Hiller, Hr. B. Patrick and 
Hr. I. Barbour.
X wish to acknowledge the financial support given 
mo by tho National Hosearch Council of Canada during my 
first 3 years, and to thank the University of Glasgow 
for a University He search Studentship awarded me during 
tho fourth year.
CONTENTS
PAGE
PREFACE 
CHAPTER I
(a) Introduction 1
(b) Positive Pion Pliotoproduction at
Protons 4
(c) Charged Pion Pbotoproduction in
Deuterium 9
(d) Review of Published Experimental Work 21
(e) The Present Experiment 37
CHAPTER III RESPONSE OF PLASTIC SCINTILLATOR 39
CHAPTER III I THE DETECTION SYSTEM
(a) Introduction 50
(b) The Proton Telescope 52
(o) The Pion Telescope 62
(d) Detection of Protons in Coincidence
with Negative Pions 68
CHAPTER IVI PHOTOPRODUCTION OF NEGATIVE PIONS
IN DEUTERIUM.
(a) The Synchrotron ?4
(b) The Target 79
(c) Experimental Procedure 81
PAGE
CHAPTER V i CALCULATION OF ENERGY AND ANGULAR
DISTRIBUTIONS 92
Spectator Model Calculation 96
CHAPTER VII DISCUSSION AND CONCLUSIONS 106
PUBLICATIONS
REFERENCES
CHAPTER I
(a) Introduction
The existence of the pion vas first postulated by 
Yukawa (1935) in his theory of nuclear forces. Their 
existence in cosmic radiation was confirmed by the 
Bristol group led by Powell in 194? (Lattes et al, 194?) 
by observing the decay of the pion into ^-mesons in 
nuclear emulsions. As high energy particle accelerators 
became available the production of pions in the laboratory 
in nucleon-nucleon and photon-nucleon collisions made 
possible detailed investigation of their properties.
Pions are zero spin particles. They form an isotopio 
spin triplet and have odd intrinsic parity with respect 
to the nucleon. The masses and principal decay modes of 
charged and neutral pions are given below.
Pion Decay Mode Life Time Hass
^ (8.0.) (M.V.)
H + V  2,54 X  10 139.6
X® 2Y 5 X 10"^^ 135.0
The first observation of pions produced in photon- 
nucleon collisions (photoproduction) were made at 
Berkeley (McMillan, 1949) using a carbon target. The 
investigation of photoproduction of charged pions carried 
out since then has been largely directed towards
- 2 -
understanding the basic processes for photoproduction 
of a single charged pion at a nucleon*
Y + p ^  + n (1*1)
Y + n — » x** + p (1*2)
Only the first of these can be observed for free nucleons 
due to the lack of a condensed neutron target* The most 
suitable nucleus for Investigating (1*2) is the deuteron* 
The low binding energy and loose structure of the 
deuteron lead one to expect that the nuclear binding has 
less effect on charged pion photoproduction from
deuterium than from heavier nuclei* The reactions
for charged pion photoproduction in deuterium are
Y + d x'*’ ♦ 2n (1*3)
Y + d X* ♦ 2p (1*4)
The interpretation of (l*3) and (l#4) in terms of the 
free nucleon reactions (l*l) and (l*2) is complicated by 
a number of effects*
The photon beams available for experiment are 
produced by allowing artificially accelerated electrons 
to strike a target* This produces a bremsstrahlung beam
- 3 -
which contains photons of all energies between zero and 
the maximum energy of the Incident electrons* The 
energy of a photon involved in production of a pion at 
a nucleus is in general unknown* Xn the special case 
of (l.l) which is a two body reaction, measurement of the 
angle of production and the energy of one of the final 
state particles uniquely defines the incident photon 
energy* This is due to the requirement of simultaneous 
energy and momentum conservation.
In the simplest model for reactions (l«3) and (l*4), 
photoproduction is considered to take place at a free 
nucleon, which is given a momentum distribution 
appropriate to a nucleon in deuterium* This is the 
spectator model, so called because the other nucleon 
takes no part in the interaction. In this model the 
measurement of the angle of production and energy of a
of
pion allows one to define a range '^energy for the 
incident photon* The interaction of the 3 particles in 
the final state can be expected to introduce additional 
effects* In reaction (1*4) there are 3 charged 
particles in the final state and Coulomb-interaction, 
which is absent in (1*3) is important at low energy*
In most experiments involving pion photoproduction 
from deuterium, only the pion is detected and the results
-  4 -
are interpreted in terms of free nucleon kinematics* 
Experiments in which more than one final state particle 
are observed allow one to investigate the validity of the 
various models used to interpret observations of (l«3) 
and (l#4)$ The purpose of this thesis is to describe 
Ein experiment done using the bremsstrahlung beam of the 
Glasgow electron synchrotron, in which a recoil proton 
was detected in coincidence with negative pions from 
deuterium using a scintillation counter technique*
Before discussing the detailed investigation of 
reactions (1*3) and (l*4) a brief account of pion 
photoproduction in hydrogen is given for the energy 
region up to 350 MeV in which pions are produced singly.
(b) Positive Pion Photoproduction at Protons
Photoproduction of positive pions at protons has been 
thoroughly Investigated and the main features of this 
reaction are well known. The total cross section rises 
as the photon energy increases above threshold and 
reaches a maximum value in the region of 290 to 300 MeV*
At higher energies the cross section decreases rapidly* 
This behaviour is due to a strong resonance in the
300
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pion nucleon state, where T and J are 
the isotopic spin and total angular momentum respectively. 
The total cross section is shown as a function of photon 
energy in figure 1.1, which has been taken from a review 
article by Bellamy (i960). The low energy data of 
Beneventano et al. (1956) obtained using nuclear emulsions 
at Illinois and that of the Cal. Tech. groups (Tollestrup 
et al. ,1955 and Walker et al.,1935) are plotted together.
The agreement between the three sets of data is good.
Measurements of the angular distribution show that 
pions are emitted almost isotropically in the centre of 
mass system near threshold. As the photon energy is 
increased an excess of production at backward angles 
becomes apparent. At 290 HeV a large maximum in the 
angular distribution is observed in the region between 
90 and 120 degrees, the angle being measured with respect 
to the incident photon direction. This maximum decreases 
as the photon energy is increased further. At 38O MeV 
the angular distribution rises towards forward angles.
For photon energies below 350 MeV it is reasonable 
to assume that only S and P wave production are important. 
This assumption has led to an analysis of the angular 
distribution in the centre of mass system in terms of
6 —
a quadratic expression in cos 0,
A ± B c ù s Ô  + C cûs^Ô A-5:)
dSL
where 0 ie the angle of pion emission measured from tho 
incident photon direction. Koravcsik (1956) pointed 
out that the direct interaction between the photon and 
the meson current introducos a term containing (l - p coo Q) 
in the denominator into the differential cross section* 
lie has suggested that the analysis of the angular 
distribution be done using the fourth order polynomial 
in cos 9,
(| - 3cos e f  ^  = A + Bcosô + C tos^ e f Dcûs^ô + E^ os'^ 6
dl51-
(l.G)
In the analysis tho coefficients A to E are to be 
determined from the details of the theory and the 
rosuiting curve la compared with tho measured angular 
distribution.
Recent angular distribution measurements (Halroborg 
et al-, 1953 • Urotôky et al«, 1958, and Knapp et al-, 19571 
and 1959) have been compared with dispersion relation 
calculations of Chow et al. (1957) using this recipe.
The angular distributions obtained by Urotsky et al. for
S!
^260 and 290 HeV photon energies are ehovn in figure 1«2« 
The various curves are obtained for different assumed 
values of tho small pion-nucleon phase shifts# 5 11#
S 13 and S 31* The subscript are twice tho isotopic 
spin and total angular momentum respeotively. The 
agreement shown between the experimental values and the 
theoretical predictions in figure 1.2 is reasonable.
A precise knowledge of the values of the small phase 
shifts will be required before a detailed comparison 
with the theory can be made.
An interesting relationship exists between various 
threshold values in pion physics. It depends upon the 
well established principles of charge independence and 
detailed balance^ The quantities involved in this 
relationship# that can be measured experimentally are |
1, the Panofeky ratio, R =
2# the charge exchange scattering transition rate,
p Tî''*+ Y')
3* the threshold photoproduction transition rate 
u>()f+ p -? n)
4 . the ratio, T =  TT~ i- p)__
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The relationship between these quantities Is shown In 
figure X«3* The Panofeky ratio Is measured for zero 
energy plons. The experimental observation of 2, 3, 
and 4 are made at positive energy and must be extrapolated 
to threshold# Initially the measured values of 2« 3 
and 4 led to a prediction of 2#5 for the Panofsky ratio 
as compared with 1#5 1 .1 for the experimentally observed 
ratio# Clnl et al,(1958) showed that the discrepancy 
may be resolved# If the extrapolation to zero energy of 
plon photoproduction and charge exchange scattering 
are done in a manner consistent with the theoretical 
energy dependence for these processes#
The measurement of the 90 degree differential cross 
section as a function of photon energy provides an 
experimental test of the Clnl extrapolation# The 
coefficient a^ is plotted In figure 1.4# where Is 
related to A In equation 1#5 by
« A/¥ where V « p p^(l + V/M)**^
where p and are the plon momentum and energy respectively# 
V Is the photon momentum and H Is the nucleon mass#
The experimental points are those of Hutherglen and
♦ -SO 1 y
15
ZO
/?0 200/80noIGO190
e (^^ ev3
et al 1').
A/ *(90 ' c.m.s.)|‘“ from the measurements of Rutherglen
Figure 1.4. The solid curve is the Cini
extrapolation.
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Walker reported at the Rochester Conference (1)60)#
They provide experimental confirmation of the dispersion
relation predictions*
The minus plus ratio, r # for pion photoproduction
that is measured experimentally is that for deuterium*
It must be corrected for the effect of nuclear binding
before it is introduced into the threshold relationship*
in deuterium
A discussion of charged pion photoproduction'^is given in 
the next section*
(c) Charged Pion Photoproduction in Deuterium*
It vas pointed out above, that one of the main 
reasons for the interest in pion photoproduction in 
deuterium is that it is the most practical target for 
studying the basic interaction (1# 2), for pion photoproduction 
at a neutron* The many measurements of the negative to 
positive ratio for plon production are the best example 
of this approach* The study of plon photoproduction in 
deuterium may also be directed towards understanding the 
effect of nuclear binding on the fundamental pion 
production reactions* An example of this approach is 
the measurement of the ratio of positive plon photo­
— 10 —
production crose eections in deuterium and hydrogen*
The investigations directed towards the understanding 
of 1*2 require a model to relate the measurements of 
pion photoproduction at the bound neutron to photo- 
production at a free neutron at rest* The simplest 
model is tho phenomenological spectator model in which 
the photoprpduction takes place at one nucleon only*
The other nucleon leaves the Interaction with momentum 
equal to its initial internal momentum* Photoproduction 
in deuterium may then be reduced to production at a free 
nucleon* This nucleon is not at rest and must be given 
a momentum distribution appropriate to the bound nucleon* 
The effect of the binding energy may be included in this 
model* The measurement of the angle of emission and 
energy of the pion say, permit the complote solution of 
the two body kinematics involved in the spectator model 
for assumed values of the initial nucleon momentum*
Thus the energy spectrum of photons that can produce a 
pion at a particular angle and energy may be evaluated 
for any assumed nucleon momentum distribution* In the 
interpretation of experimental results for pion photo^ 
production in deuterium the kinematics for production at
- 11 m
a free nucleon at rest have often been used to relate 
photon energy to plon energy and angle. This procedure 
implicitly assumes the validity of the spectator model 
and in addition that the spread in photon energies due to 
nucleon momentum ie not large. Although the spectator 
model has generally been assumed to be valid in the energy 
region well above threshold (EY?200 MeV) no experimental 
work clearly supporting it had been published until a 
year ago#
At photon energies below 200 HeV the spectator 
model is not expected to give a good description of 
pion photoproduction in deuterium* This model ignores 
final state interactions which become increasingly 
important at low energies* Xn the energy region near 
threshold and up to 200 HeV the impulse approximation is 
useful* It was suggested by Chew (1950) and was first 
used by him to deduce free neutron-neutron scattering 
cross sections from neutron*»deuteron inelastic scattering 
data* The application of the impulse approximation to 
pion photoproduction in deuterium has been discussed in 
detail in a series of papers by Chew euid Lewis (l95l)#
Chew and Wick (195%)# and by Lax and Peshback (1951# 1952)
12
The fundamental aesumptlon of the impulse 
approximation is that the pion production amplitudes from 
various nucleons are linearly superposable to form the 
production amplitude for the whole nucleus* The conditions 
required for the validity of the impulse approximation 
are threefold* They are stated below in the form 
given by Chew and Vick*
1. The incident particle never interacts strongly
with more than one nucleon at the same time*
2* The amplitude of the incident wave falling on
each nucleon ie almost the same as it would be 
if the nucleon were alone*
3* The binding forces between the nucleons are
negligible during the decisive phase of the 
interaction when the incident particle 
interacts strongly with the nucleus*
Conditions 1 and 3 must be satisfied if the many body 
features of the problem are to be avoided* The 
transparency condition 2, is not essential but permits 
a considerable simplification* The third condition 
is sometimes restated in an alternative form, namely 
that the collision time is short compared to the period
-1 3  -
of the nucleon eyetem.
The above conditions are expected to be well satisfied 
for pion photoproduction in deuterium* Condition 1 is 
certainly satisfied for the incident photon due to the 
smallness of the fine structure constant*
The transparency condition for the two nucleon 
system may be restated in terms of the probability of a 
meson produced at one nucleon being scattered at the 
second* Unless this probability is small the effect of 
multiple scattering will be important* A simple indication 
of the magnitude of the multiple scattering error may be 
obtained by considering the ratio of the pion-nucleon 
scattering cross section, to the size of the deuteron, i*e*
where H is the mean nucleon separation* If we assume 
20 millibarns for cTj and use the value taken by Chew 
(1952) for ^  « 3*2 X 10"^^ cm*, the above expression 
gives a multiple scattering error of 7 percent. This is 
in good agreement with the estimate of 5 percent obtained 
by MacDonald (1939) from detailed calculations*
The collision time is expected to be small compared
—' l4 —
to the nuclear period since the energy conservation 
violation in the intermediate state is on the average 
equal to the pion rest mass#
The determination of the cross section in the 
impulse approximation is done by evaluating the 
transition matrix element for free nucleon photoproduction 
between initial and final nucleon states. The nucleon 
binding forces determine the initial and final states, 
and do not eneter the calculations directly. The 
procedure is illustrated by giving the calculation of 
Chew and Levis (l95i) in some detail#
They express the differential cross section for 
pion photoproduction in deuterium in the form
ol (S7:
cl D 1%
where p and are the pion momentum and energy,
V and v^ are the photon momentum and energy,
D is the total momentum of the recoiling nucleon 
system,
and M is the nucleon mass.
6 - 6-f — € I where 6.^  is the internal energy of
15 “
the final state nucleon system and - the deuteron 
binding energy,
Q is the matrix element which la to be evaluated In 
the Impulse approximation. In 1.8# ^   ^- * and the
plon rest mass Is set equal to 1,
The matrix Is to be approximated by T = T^ + 
where Tj is the part of the matrix element which 
describes photoproduction from the jth nucleon acting 
alone,
Tj =  (<Tj • K + L) ('•'*)
where Tj # <Tj and Tj are the nucleon position# spin# 
and Isotoplc spin respectively. The matrix element is 
written In two parts# <7j • K represents the spin 
dependent production In which the spin of one nucleon Is 
reversed# I.e. spin-flip occurs. I# represents the 
spin Independent part in which the nucleon spin state 
remains unchanged. The matrix element is evaluated 
between the initial deuteron state and the final 
symmetric and antisymmetric states. The matrix element 
is squared# summed over final nucleon states# and 
averaged over initial spin states and photon polarization
F(0)
Figure 1.5• Exclusion principle Function F(d )
calculated by Chow and Levis (l95l)
-  16
giving
iQr= 3  (|i^  I Efi
where the K and L are the same as in (1.9) and and 0^ 
are defined by the integrals
E ^ =  e x p ( ^ k o y ) u . ^ ) c f y 9
Of =  e x  p u A f ) d f
where and are the symmetrical and antisymmetrical
final state wave functions and Ui is the deuteron wave 
function.
When the dependence on the pion momentum is eliminated#
2the cross section may be expressed as a function of D 
in the form
in which the spin-flip part eind the non spin-
flip part d^/{jQ^are written separately. The function 
F(D) is shown in figure l.g. The corresponding
- 17
oxproeslon for pbotoproductlon at a free proton Is
$= I# - #
the
The effect of"'Paull exclusion principle le Illustrated
by Is12# When D » 0  F(d ) » 1 and the non spin-flip
production is suppressed whllo 2/3 of the spin-flip
production is allowed. This may also be seen from a
simple consideration of the initial and final nucleon
etatos involved• The initial state is the ground state
of the deuteron which is a state. The Pauli principle
1 ^ 1allows transitions to S# P« D states etc.# but forbids
3 1 3transitions to S# P# D states. Near threshold where 
the energy available is not sufficient for the nucleons 
to be in a P state the transition will be Inhibited If 
spin-flip production does not occur. In the region 
near threshold D will always be small# and tho dependence 
on D obtained by Chew and Levis is expected.
Their analysis shoved that small values of D 
correspond to emission of the plon at small angles to the 
incident photon direction. It follows that experiments 
deslgnod to dotermine tho nucleon spin dependence must 
be done at forward angles where the exclusion principle
18
effect le large. In principle a measurement of tho 
ratio of positive plon photoproduction from deuterium to 
that from hydrogen at small angles will determine the 
spin dependence. Experiments at small forward angles 
are difficult to perform due to the high electron background 
and the results of experiments of this type are not 
conclusive.
The final state interaction of the particles in 
positive and negative plon photoproduction from deuterium 
(l«3 and 1.4) are considered in detail by Baldin (1953) 
for photon energies near threshold. He expresses the 
cross section in the form
is: = A(p.H)f‘<r + e(p.c^ ) |Lp i\ H)
dpdcf
where p » i (pj^  - Pg),
q = i (pi + Pg)*
and p^ and p^ are the momentum of the two final state
nucleons in the laboratory system. and |l |^ are
the squared spin-flip and non spin-flip matrix elements
for pion photoproduction at free nucleons.
A and B aro functions of p and q and express the 
dependence of the cross section measured for deuterium
- 19 -
on the initial and final nucleon states* For positive 
pion production they are the equivalent of the 
1 - ^  F(d ) and 1 - F(p ) obtained by Chew and Lewis* 
Baldin has evaluated A and B in a detailed manner 
appropriate to the threshold region* The Coulomb 
interaction between the two protons is included in the 
evaluation of A and B for negative pion production* The 
Coulomb interaction between the negative pion and the 
protons is introduced separately* These calculations 
represent the most rigorous treatment of the final 
state interaction# that has yet been done for negative 
pion photoproduction in deuterium. The effect of the 
Coulomb correction near threshold is to increase cr" 
measured for a deuterium target relative to the value for 
photoproduction from a free neutron. The Coulomb cor­
rections In the threshold region are summarized In the 
table below.
Pion Energy Positive Coulomb Negative Coulomb
Correction Correction
p-X** interaction p-p Interaction
< 10 MeV can be > 10^ negligible
> 10 HeV negligible can be appreciable.
Baldin concludes that the final state Coulomb corrections
— 20 —
can not be neglected In the evaluation of for free 
neutrons from the deuterium data. The results of 
Baldin*s calculations have been used to interpret the 
result of an experiment done by Adamovie et al. (lj>59) 
in which negative pion photoproduction was investigated 
near threshold. This experiment will be discussed in 
detail later.
Photodisintegration of the deuteron 
Y ♦ d n + p 
will compete with pion photoproduction. Wilson (1958) 
has developed a theory in which the photodisintegration of 
the deuteron takes place through a process of plon emission 
and reabsorption. He assumed that the plon is reabsorbed 
and that photodisintegration is the result# if the nucleons 
are within a pion Compton wave length of each other. He 
obtained good agreement with the measured photodisintegration 
cross sections for deuterium above 100 MeV# when he used 
reasonable values for plon photoproduction cross sections. 
Even at high energies where the spectator model is 
expected to be valid the competition of photodisintegration 
may be expected to reduce the cross section for positive 
pion production from deuterium below that for hydrogen.
- 21
The preceding consideration of charged pion photo­
production in deuterium indicates that a careful 
consideration of the experimental conditions that obtain 
for any particular experiment is required if pion 
production in deuterium is to be related to reactions 
(1.1) and (1.2).
(d) Review of Published Experimental Work.
The experimental investigation of charged pion 
photoproduction in deuterium may be divided into two 
categories# experiments in which only one final state 
particle is detected# and those in which two or all three 
particles are detected. Experiments in the first 
category have the advantage of being suitable to the use 
of counter techniques and good statistics are in general 
possible. The interpretation of the results of these 
experiments requires a model to relate plon photoproduction 
in deuterium to that in hydrogen. Experiments in the 
second category suffer from poor statistical accuracy# 
whether the experiment employs a visual technique where 
the analysis is tedious# or a counter technique requiring 
the simultaneous detection of more than one particle 
where counting rates will be low. These experiments
— 22 —
allow an investigation of the validity of the various 
models for pion photoproduction in deuterium in addition 
to measuring pion photoproduction cross sections#
Experiments in which one particle only is detected will 
be discussed first#
The negative to positive pion ratio from deuterium 
(hereafter called the -/+ ratio) was measured by 
Beneventano et al.(1954# 58# 58)$ A liquid deuterium 
target was irradiated by the 300 MeV bremsstrahlung beam 
of the Illinois betatron# The pions were detected in 
pellicles which were immersed in a large block of emulsion# 
This arrangement compensated for scattering losses# and 
the effective solid angle was defined by the pellicle 
size# The pellicles were underdeveloped to reduce the 
effect of the large electron background present near the 
photon beam# Identification of the negative and positive 
pions depended upon the track endings# A knowledge of 
the star-prong frequency of negative pion endings was 
required# This was obtained from e x p o s u r f  plates 
exposed to a negative pion beam from the Chicago cyclotron# 
Several exposures were made in which the electron background 
was greatly reduced# This allowed normal development# 
and the positive pions could be identified by the ji - e
2 0
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decays* The prong-frequency for the negative plon 
endings obtained from these exposures agreed veil with 
that obtained from the plates exposed to the cyclotron 
plon beam* The uncertainty in the negative to positive 
ratio due to plon Identification was small* The -/+ 
ratio obtained by Beneventano et al. at 75 degrees In 
the laboratory system Is. shown In figure 1*6*
The -/+ ratio from deuterium has been measured by a 
number of groups using various types of counters as 
detectors and magnetic deflection to separate negative 
and positive plons« Sands et al. (195^) measured the 
-/f ratio for plons produced in a cooled high pressure 
gas target at 3 angles In the laboratory system*
Their measurement extended over plon kinetic energies from 
30 to 200 MeV* Hogg and Bellamy (1958) detected 
15 to 70 MeV plons produced in a liquid deuterium target 
at 75 degrees In the laboratory. The measurements of 
Sands et al. and Hogg and Bellamy are shown with those of 
Beneventano et al.In figure 1*6 The agreement between
the three sets of data Is good* The solid curve Is the
extrapolation to threshold used by Beneventano which gives 
a value of 1*87 for the -/ + ratio at threshold* The 
Coulomb corrections reduce the cross section at a free
-  24 -
neutron by about 10 percent. Horavcslk (1958) has shown 
that by applying small but reasonable corrections to the 
parameters used by Beneventano a significant difference 
in tho extrapolation Is obtained. The dashed curve la 
due to Horavcslk. His extrapolation implies a -/+ 
ratio from free nucleons of 1.4 in good agreement with the 
theoretically predicted threshold ratio of 1.3*
Adamovie et al.(1939) measured the negative plon 
production cross section In deuterium very near threshold. 
The same workers also measured positive plon cross sections 
from hydrogen (Adamovie* i960). They obtain a threshold 
value for the -/t ratio of 1.3 - .15 for photoproduction 
at free nucleons. The agreement among the various sets 
of data Is good, and the threshold -/♦ ratio from free 
nucleons may be regarded as well established.
It Is Interesting to note that the three sets of 
data shown In figure 1.6 were obtained with very different 
peak photon energies namely, 235 MeV Hogg and Bellamy,
300 HeV Beneventano et al, and gOO MeV Sands et al.
The agreement between these measurements Indicates that 
the -/+ ratio Is not strongly dependent upon peak photon 
energy at these energies. Near threshold however the 
measured -/+ ratio from deuterium may be strongly effected
- 25 -
by the maximum photon energy available due to the 
different threshold energies for negative and positive 
pion photoproduction (Khavlomov, 1959)# The effect will 
be large If the maximun photon energy is close to the 
threshold.
Recently Land (l959) has measured the -/+ ratio from 
deuterium due to monoenergetic photons using a photon 
difference method. The M.I.T. synchrotron was operated 
with maximum energy E max at 307 and 292 MeV. The plon 
yields measured at these values of S are normalized* max
and subtracted to give the yield due to monoenergetic 
photons at 292 t 8 MeV. The plons were^ detected using 
magnetic deflection and a scintillation counter telescope. 
The -/♦ ratios obtained for monoenergetic photons are,
0.90 t #23 at 73 degrees for 93 MeV plons and 1.07 1 .16 
at 120 degrees for 30 to 90 HeV plons. These values 
are below those obtained In this experiment, and below 
values obtained by other workers for the -/♦ ratio 
measured using bremsstrahlung beams. Land sugg^^t» 
that for production due to a bremsstrahlung beaiq^ plons 
will be couhted due to photons outside the 292 1 3 MeV 
Interval# Since the ratio rises with decreasing energy 
and little contribution can be expected from higher energy
— 26 •
photons 307) the contribution from lower photon
energies will tend to increase the ratio measured using 
bremsstrahlung beams# This suggestion Is surprising# 
considering the agreement between the various measurements 
shown in figure 1.6, The errors assigned to the 
monenergetlc measurement need to be reduced before a 
definite dlsagrement can be said to exist,
A convenient summary of the experimental data from 
-/+ ratio measurement prior to 1957 Ic given by Horavcslk 
(1957)* He compares tho -/+ ratio calculated using 
various approximations with the measured ratio over a 
wide range of photon energy and plon production angles.
The -/+ ratio is always greater than one. Except at 
backward angles it decreases with Increasing photon 
energy. The -/♦ ratio rises towards backward angles at 
all energies.
The ratio of positive plon photoproduction from 
deuterium and hydrogen ( hereafter called the D/II ratio) 
has been measured In a number of expf^riments (Beneventano 
et al., 1953* Hagerman et al.,1957# White et al.,1952) , The 
techniques used are similar to those ec^loyed In the -/♦ 
ratio measurements# The measurement by Beneventano 
for photon energies up to 23O MeV shows that the D/H
—  2 7  —
ratio is less than unity and that it decreases towards 
forward angles and low energy. This behaviour is 
predicted by the Chew and Lewis calculations, since low 
photon energies and forward angles is the region of small 
D. Attempts to obtain spin dependence of plon production 
from measurement of the D/H ratio have led to Inconclusive 
results.
Photoproduction of negative plons In deuterium near 
threshold has been Investigated by Adamovie et al.(1959)# 
This experiment Is the most complete study of this 
reaction that has been reported. It will be described 
In detail.
Nuclear emulsions loaded with heavy water were 
exposed to 200 and 250 HeV bremsstrahlung beams from the 
Lebedev Physics Institute synchrotron. In this 
experiment the loaded emulsions acted as target and 
detector. Plons up to 30 HeV kinetic energy could be 
registered In the heavy water loaded emulsions allowing 
measurement of the cross section for photon energies up 
to 174 MeV. Just over 2000 cm of emulsion were scanned
/v\ev.
and 720 events due to photons between 174"^and threshold 
were found. A few more sensitive plates were used to 
measure the cross section for photons between 174 and 202
— 28 «•
MeV.
The three final state charged particles were 
registered In the emulsion. The Identification of particles 
that stopped in the emulsion presented no problem. Some 
tracks which left the emulsion were Identified by 
multiple scattering and grain counting techniques. A 
small fraction of the events (8%) In which one or two 
particles left the emulsion were identified using the 
momentum and energy conservation conditions for reaction
(1.4), All 3 prong stars were analysed using this 
condition and an error A P was obtained for each star.
The star distribution was plotted as a function of A P  
for the heavy water loaded emulsion# and compared with 
the distribution In A P obtained from plates loaded with 
water. No events were found In the latter set of plates 
In the range of A P  where events were ascribed to 
reaction (1.4). The Identification of stars due to
(1.4) was considered to be unambiguous.
For each event the photon energy, plon energy and 
angle of emission^ P « Î Pj^  " p2 , q * è Pj^  ♦ 
were determined. The Impulse approximation calculation 
of Baldin gives the cross section for reaction (1.4) as 
a function of p and q. A detailed comparison between
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the predictions of Baldin*s calculations and the 
experimental results was made# The energy spectrum of 
relative motion of the two protons Is shown In figure 1 *7 * 
The theoretical spectrum is calculated for L » 0# and a
I 12value of |K 1^ obtained from the positive plon cross 
section from hydrogen and the theoretical value of 1*3 
for tho -/♦ ratio. In figure 1.8 the ratio <^ .5/ 6^
Is shown as a function of photon energy# Here cr Is the 
total cross section and cr^.5- Is the cross section for 
production of a plon when q/p ^  2.3# The solid curve 
represents the theoretical ratio <51 the dashed curve
was calculated omitting the Coulomb Interaction#
The observed cross section Is Isotropic In the centre 
of mass system# and shows an dependence# where MmaK
Is the maximum possible plon momentum# Adamovie (1959) 
compares these properties of the data with the dependence 
predicted for various transitions#
Finally the squared matrix element for plon 
photoproduction at a free nucleon |K^ | Is obtained from 
a careful consideration of the experimental and calculated 
cross sections for values of p and q where the calculations 
of Baldin are known to be accurate. In a subsequent 
experiment Adamovie et al. (1960) measured the cross
«• 30 —
section for positive plon production near threshold#
The statistical accuracy of the data Is not sufficiently
2
good to enable the choice to be made between IK^ I and
2 2 
|K I constant and the Clnl extrapolation. IK I and n p
2
IX^ I were extrapolated to threshold using the Clnl 
method to obtain the threshold -/+ ratio# This ratio 
should be Independent of systematic errors In beam 
monitoring.
The results of these experiments may be summarised 
as followss
1# The Impulse approximation Is valid for this
Interaction provided the Coulomb Interaction In 
the final state Is Included#
2# Near threshold the transition occurs through 
electric dipole absorption of the photon# the 
plon Is emitted In an S state and the nucleons 
are left In a singlet S state# I.e. spin-flip 
production occurs.
3# The -/♦ ratio at threshold Is 1.3 - #15 in good 
agreement with the predicted value of 1#3*
An experiment In which the bremsstrahlung beam of 
the Berkeley electron synchrotron was passed through a 
4 Inch deuterium bubble chamber Is reported by Swanson
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(i960). Negative and positive plon production In 
deuterium were observed. The former reaction was 
Identified using energy and momentum conservation condlticffis, 
the latter by the characteristic range of the decay 
meson. The -/+ ratio for deuterium obtained by 
Swanson Is shown In figure 1.9# The photon energy and 
centre of mass plon angle were assigned using the two- 
body kinematics for both reactions since the true photon 
energy was not determined for positive plon production.
The negative plon yield was corrected for Coulomb effects 
to obtain the -/+ ratio for free nucleons. The ratio 
for the lowest energy "bln" Is below the theoretical value. 
The average value for tho -/♦ ratio for deuterium and free 
nucleons are 1#38 t #12 and 1.27 ♦ #11 respectively.
The distribution of photon energies contributing to 
negative plon production for events In "bln" 2 Is 
presented. The distribution Is peaked about the two- 
body photon energy# but extended 10 KeV below and 20 MeV 
above that value. The width of this distribution 
Indicates that considerable uncertainty may be Introduced 
by use of two body kinematics to assign photon energies.
Although separate measurement of negative plon 
production In deuterium and positive plon production In 
hydrogen can Introduce uncertainty In beam monitoring#
- 32 -
this procedure Is to be preferred to that of Swanson et al. 
since the kinematics are then completely defined for both 
reactions.
Keck and hlttauer (1952) have Investigated the
spectator model for plon photoproduction In deuterium
using a scintillation counter technique* In this 
2 2experiment D 0 and H 0 targets were Irradiated by 310 
HeV bremsstrahlung. A three counter telescope detected 
plons emitted at t 10 degrees with an energy of 56 1 9
HeV. The plons were Identified by their specific Ionization 
and range # the first two counters were operated In 
coincidence and in £intlcoincidence with the third counter. 
The protons were detected In a NaX(Tl) crystal that could 
stop 69 MeV protons. The proton energy was measured 
using a pulse height analyser. The angular distribution 
and energy spectrum of the protons detected In coincidence 
with the plons are shown In figure 1,10. Curves A were 
calculated for plon production at a free neutron at rest.
The angular resolution and energy acceptance of the 
counter system Is Included. Curves B represent the 
distributions expected If the spectator model Is assumed. 
Once again the resolution of the counter system Is 
included.
The agreement between the observed angular distribution
120
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45 55350 15 25
Angular Displacement
Angular distribution of recoils counted in coincidence w ith a 
56-Mev meson at 90°. See text for explanation of curves.
Flgfure l»XOa
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Proton Energy-Mev
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ICiiersy distribution of recoils at 30° counted in coincidence with a 
5 6 - \Ie v  meson at 90°. See text for exi>lanation (jf curves.
Figure 1.10b.
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and that predicted by the spectator model la eatlaTactory»
The experimental points for the proton energy spectrum 
do not agree with either curve A or B« They appear to 
be shifted towards higher energy by 12 to 15 MeV# This 
discrepancy was not resolved* The energy calibration 
of the proton counter was done using three different methods* 
The pulse height in the proton counter was measured for 
the Cs 137 photopeak at *67 MeV* The pulse height 
produced by cosmic-ray mesons at 9*5 MeV was measured*
The number-'bias curve obtained using a beam of inhomogeneous 
protons was extrapolated to high energy cut off at 69 MeV* 
These methods agreed to within ±5 percent* Other sources 
of error wore considered* The effect of pions scattering 
around the third counter in the pion telescope was shown 
to be negligible* Multiple scattering of the protons in 
the targets, and possible variations in the pion cross 
section were shown to be small effects*
The differential cross section for negative pion photo­
production accompanied by a correlated recoil proton was 
calculated using curve B for the angular distribution* This 
gave 10*8 1 1 x lO"^^ cm? per steradian in good agreement 
with the value 11*8 ± 1*2 x 10** cm. per steradian obtained 
from the total pion counting rate and the -/+ ratio for
- 34
deuterium measured by Llttauer and Walker (1952),
The Impulse approximation theory of Chew and Lewis 
was used by Thle (1952) to derive an expression for the 
cross section for detection of a pion and recoil proton 
in coincidence* The expression is
_ yv) (jio't'ZM) — /Wo v^o
dJl^ dEp djlp 3a  1?^  I +  /^) Pcoa(ep+^) COS 9a I
where P is the nucleon momentum,
E B p V z  M,
^  “ [ 3  ♦ 3 + |Ofl^
Op and Op are the pion and proton angles respectively, 
dJl^  and d^p are the solid angle for the pion and 
proton respectively, and the remaining symbols have 
been defined* Curve C in figure 1*10 was obtained from 
the above expression by a numerical integration* Although 
the maximum occurs at higher energy than for curves A 
and B it does not agree with the experimental points* 
Reaction (l*4) was studied by White et ai. (1960) 
for photon energies between 200 and 1000 MeV* They used 
a large diffusion cloud chamber filled with deuterium gas 
at l4 atmospheres and operated in a magnetic field of 
6 kilogauss* The lOtOMeV bremsstrahlung beam from the
35 -
Cornell synchrotron was hardened using lithium hydride 
to reduce the relative number of low energy photons and 
passed through the chamber* Reaction (l#4) was 
distinguished from other three prong events, multiple 
pion production for example, by a detailed kineiaatical 
analysis of each event*
The spectral shape of the hardened beam was known 
so that the cross section for negative pion production 
in deuterium was obtained. The cross section for 
photoproduction at a free neutron at rest was derived from 
the measured cross section, by first transforming each 
event into the centre of mass system to obtain the cross 
section for a bound neutron at rest and then by dividing 
this quantity by the D/H ratio* The cross section 
derived in this way agrees well with that obtained by 
the more conventional method of multiplying the positive 
pion cross section at a proton by the ratio*
A direct comparison is made between the observed 
momentum distribution of the spectator proton and the 
momentum distribution of the nucleon bound in the 
deuteron* Figure 1,11 shows a histogram of the laboratory 
distribution of the spectator momenta* The observed 
distribution has been corrected for a cross section bias
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due to the nucleon momentum# Tho curves are the 
momentum distributions calculated from the Gartenhaus 
and Hulthe^n wave functions# The spectator model has an 
inherent ambiguity in identifying the lower momentum 
proton as the spectator# This effect will be greatest 
for large spectator momenta# The "measured" curve 
includes the effect of this ambiguity on the shape of the 
momentum distribution# The agreement shown in figure 
1#11 is good# A few protons of high momentum were 
observed and must be considered to have interacted in 
the final state# White attributes the deficiency in the 
100 to 200 HeV/C region to the competing photodisintegration 
process# The number of events did not permit a detailed 
analysis of the angular distribution# A definite excess 
of spectator protons was observed in the forward direction 
for photon energies above 250 HeV* This could be 
interpreted by assuming an average momentum transfer to 
the spectator proton of 10 MoV/C*
The work of White et al. gives strong support to the 
validity of the spectator model description of pion 
photoproduction in deuterium in the region from 200 to 
500 MeV# At higher energy the data is scarce# On the 
other hand the discrepancy observed by Keck and Littauer
-  3 7  -
in the recoil proton energy compared to the spectator 
model predictions would indicate that the spectator 
model ia euepeot# The experimental study of negative 
pion photoproduction in deuterium described in this thesis 
was directed towards investigating this discrepancy 
from the experimental aide.
(e) The Present Experiment#
The experimental method consisted of simultaneous 
detection and measurement by scintillation counter 
telescopes of tho proton and negative pion produced in 
the reaction Y + (1.4) # A thin liquid
deuterium target was irradiated by the 307 HeV 
bremsstrahlung boom of tho Glasgow electron synchrotron. 
Pions were detected at 90 t 3*7 degrees in the laboratory 
and in an energy range from 46 to 60 HeV using a 
scintillation counter telescope. Tho coincident protons 
were detected in a second scintillation counter 
telescope# The angular distribution and energy spectrum 
of tho coincidcn-^rotons were measured#
The pion telescope consisted of 4 scintillation 
countora operated i n n l t 2  + 3 ~ 4  coincidence** 
anticoincidence soquenco. Tho pions were identified
38 -*
by their epeciric ionization in counter® 1 end 2 and by 
their range. The two counter determination of specific 
ionization permitted much better separation of plena 
from other charged particles than 1© poasible with a 
Gingle counter.
The proton telescope had three scintillation counters 
Tho front scintillator vas thin, the eocond had a range 
equal to that of 81 MeV protons. This counter teleocopo 
identified protons in the energy range from 12 to 81 KoV# 
by moans of their specific ionization and energy.
Tho dotectlon. of a pion by tho first counter
telescope triggered the sweep of an oscilloscope. The
pulses from counters 1 and 2 in the proton telescope
wore dieplayed on tho oacilloscope trace which was
photographed. The position of tho pulses on tho
oscilloscope trace were used to eliminate the background
events* The energy spectrum of the protons was obtained
from the pulse height distribution of the pulsee from
counter 2. Tho ability to identify both the pion and
tho proton greatly reduced tho possibility of including
events due to interactlono other than (1.4)• Tho use of
the liquid deuterium target marks a definite improvement 
2 2
over the D O II 0 subtraction tochniquo.
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Tho PesponsQ of Plastic Sclntillntor.
Xn may expérimenta in nuclear physics the pulse 
height produced by charged particles in scintillation 
counters is used to measure the energy loss in tho 
scintillator. The present investigation is an example 
of such an experiment. Scintillators having a linear 
response to particle energy are to be preferred in such 
applications. The inorganic scintillators# sodium 
Iodide and caosium iodide,arc often used for this reason. 
When intenao pulsed sources of radiation are used tho 
long scintillation decay time connaon to inorganic 
scintillators (of the order of a p second) makes their use 
difficult. Organic scintillators havo decay times of 
a few nanoseconds, and may be used where very high 
instantaneous counting rates are expected (e.g. 10 per 
sec.). Tho response of organic scintillators tcj^ieavily 
ionizing particles is known to be non-linear. The response 
to a particular particle,protons or pions say, must be 
determined before calibration at one or two energies 
only will permit accurate measurement of particle energies. 
Tho commercially available plastic scintillator is tho most 
convenient ecintillator for use in counter experiments in
— 4o **
which largo area counters nro required. Cinco tho 
response of plaatlc scintillator to protons had not been 
measured a direct calibration was done (Evans axid Bellamy 
1959).
Blrke (1953) has developed a theory describing the 
scintillation process in organic scintillators. Ho 
interprets the scintillation phenomena in terms of 
émission of primary photons by molecules that are ionized 
or oxcitod by the incident particle. These photons are 
in the ultraviolet region and are roabsorbod. Tho 
reabsorption may be accompanied by fluoroscetice in the 
visible or near ultraviolet region. Kon-radlntivo 
capture is a coupoting process, and the relative importance 
of tho two processes will largely determine the scintillation 
efficiency of a particular material. The saturation 
observed in the response of organic scintillctora to 
heavily ionizing particles is explained by molecular 
damage in the Ionization column. Let A dB/dx represent 
the nunbor of ionised or excited molecules per unit 
path length capable of primary photon emission, where 
dS/dx is the epecifio ionisation. The number of 
damaged molecules is also proportional to dE/dx, i.e.
B dE dx. If the probability for capture by a damaged
— 4l —
molecule for tho primary photon is k times that for 
capture and fluoroecence by an undamaged one then the 
specific flucresconce is
dS_ _ A dE/dX £^.|)
cl X I 4- k 6 dE/dx
For small values of d£/dx, kBdE/dx «  1 and (2.1) reducoe 
to
dS/dx a AdE/dx (2#2)
in agreement with the linear response observed for 
electrons in organic scintillator* For very heavily 
ionising particles, IcBdE/dx ^  1 and (2.1) bo come 8
dS/dx « A/kB (2,3)
indicating that the specific fluoreacenco approachos a 
limiting value for heavily ionizing particles.
In organic solution phosphors or phosphor-plastic 
mixtures, tho primary emission is by the solvent or 
base, and the values of A and kB would be expected to 
depend upon tho nature of tho base and the fluorescent 
material and its concentration.
The response of a plastic scintillator has been 
investigated by Boroli and Orimolamî (1955). They
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assumed equation (2#l) to be true and measured dS/dx 
for electrons and polonium 210 alpha particles* Using 
(2*2) and (2.3) they obtained a value of kB = 10.5 cm 
air equivalent per HeV* The scintillator they uaed 
was of a different manufacture than those currently 
available* The calibration of plastic scintillator 
described below does not depend upon the assumption 
that (2.1) correctly described the specific ionization 
and is the first direct calibration of plastic 
scintillator response to protons reported.
Protons of an initial energy of l4.8 HeV were 
obtained from the reaction d + He^' p + He^ using 
douterons accelerated in a Cockroft-Walton high voltage 
machine* The He^ was present as a decay product in a
3 4-
tritium target so that the reaction d -t* H' n + He 
also occurred producing 14 MeV neutrons* The yield of 
protons relative to neutrons increases as the energy of 
the incident douterons is reaised above 120 KeV where a 
resonance in the neutron production occurs* The high 
voltage machine was operated at 400 kilovolts near the 
resonance for proton production* To further reduce the 
background due to knock on protons from the high neutron 
flux the protons were detected using a coincidence
Figure 2.1. Thin proportional counter and
head amplifier.
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counter telescope.
The front counter was a thin gae filled counter 
operated in the proportional region ehown in figure 2.1. 
It was constructed by milling a 4^ by 2 inch hole out of 
a 1 inch thick piece of brass. The central wire was 
3 thou tungsten. Since only the central portion of the 
counter was used no special precautions were taken to 
clininato end effects. Colophane eluminiaed on the 
inside was usod for tho windows. The colophane shoeto 
wore sealed against "0" rings by means of clamping platen 
The counter was filled with a 93 percent argon 7 percent 
ndthono mixture at a pressure of one atmosphere. The 
rosponso of this counter wao tested using protons and 
polonium a-particles and shown to be approximately 
proportional to tho particle energy lost In the counter* 
The uso of tho counter to discriminate against neutrons 
however did not depend upon this property.
Xn the second counter tho scintillator under test 
was viewed by an H.C.A. 6810 photomultiplier. A short 
length of luoite was interposed between the scintillator 
and the photorattltlpllcr to reduce effects due to uneven 
response over the area of the photocathode. The 
photomultiplier output was integrated at the collector
—  4 4  —
so that the counter pulsee corresponded to the total 
scintillation response.
Tho proportional counter vos used to gate the 
output from the scintillation counter. The latter was 
amplified and displayed on a 100 channel kicksorter. A 
delay was introduced between the scintillation counter 
and tho kicksorter to allow the kicksorter gate time to 
operate. Tho amplitude of the input pulso to the 
kicksorter was adjusted so that the peak in the pulse 
height distribution occurred near the middle of the 
kicksorter range. This was done using an attenuator 
in the amplifier# which was adjustable in 2 db steps.
The accuracy of the attenuator settings was checked and 
found to be correct to within 2 percent. No correction 
was made for this error. The pulso height at the collector 
of the photomultiplier was never greater than «3 volts 
60 tliat saturation in the photomultiplier was avoided.
A block diagram of the circuit is shown in figure 2.2.
The experimental arrangement is shown in figure 2.2.
A 1 thou mylar window allowed the protons to leave the 
vacuum system of the high voltage machine with mininmm 
loss of energy. The scintillator was 11 cm,from the 
exit window and the maximum proton energy entering the
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Figure 2#2. Experimental arrangement and block
diagram of circuit uaed in calibration 
of plastic scintillator*
scintillator at that position was l4.0 HeV# The energy 
of protons entering tho scintillator was varied by 
interposing aluminium absorbers between the two counters# 
Tho pulse height distributions for protons at nine 
energies between l4.0 ± .0) HeV and 3.08 - .18 HeV were 
determined# The protons entering the scintillator 
were collimated by a 1^ inch hole in a l6 inch sheet 
of aluminium to reduce the spread in energy due to 
protons traversing the absorber at large angles# The 
pulse height distribution for protons of energy 1.2 t .1 
HeV was obtained using protons from the reaction 
C + d ^  + p#
The response of the scintillator to protons was 
normaliïsed to the electron response using the Compton 
edges for 2.62 MeV thorium gamma rays and the 1.28 MeV 
sodium 22 gamma rays*
The pulse height distributions obtained for l4.0 Î .05 
MeV protons is shown in figure 2#3. Thé two curves A 
and B are the distributions obtained with and without 
the gate# The pulse height distributions for protons 
that have traversed 24g milligrams/cm# of aluminium is 
also shown# Considerable deterioration in pulso height 
resolution is evident.
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Figure 2.3, Pulse height distributions obtained 
tor protons in scintillator 
calibration»
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The response of two cocsisercially available plastic 
scintillators was measured. A 2 inch diameter ^ inch 
thick sample of îîE 102 produced by Nuclear Entorpricieo 
G.D. Ltd«9 and a 3 inch diameter 2 inch thick sample 
manufactured by Messrs. Nash and Thompson Ltd. were used. 
Both scintillators hove a polyvinyltoluene baso.
The rosults of tho measurements are given in table 
2.1. The thickness of the aluminium absorber is given 
in the first column. Tlie range energy tables of 
Atkinson and Willis (1957) were used to détermine tho 
residual energy of the proton entering the scintillator. 
The proton energy is given in the second column. The 
errors include uncertainty in absorber thickness and in 
initial proton energy. Xn the third column the pulso 
height relative to that for a 1 MeV electron is given.
The half width at half maximum of the pulso height 
distribution obtained at each energy is also given.
The response of plastic scintillator NB 102 is shown 
in figure 2.4. Tho expérimental points are tolcen from 
table 2.1. Tho calibration points obtained from the 
Compton edges for thorium and sodium 22 gamma rays are 
shown. The indicated errors are the spread in pulse 
height from ^ to ^ height on the Compton edge.
Table 2.1a,
Response of Plastic Scintillator NE 102 to Protons.
Absorber 
Tliickneoa 
(gms/cn?) 
s  lO'^^
Proton
Energy
(îîôV)
Pulse Iloight 
Relative to 
1 MoV 
Eleotrend.
0 14.0 ♦ .05 8.08 .55
27.0 * .1 13.2 * .05 7.46 ♦ .6
74.5 + .2 11.8 ± .05 6.30 ♦ .5
147.3 + .4 9.4 Î ,08 4.73 ♦ .4
172.6 * 5 8.4 i .10 4.07 ♦ .5
219.2 .6 6.4 i .12 2.84 .4
244.5 ♦ .7 5.1 Î .14 1.80 ♦ .4
259.5 .7 4.2 i .15 1.37 ♦ .4
274.5 + .8 3.C8 i .18 .82 ♦ .4
C^^(d,p)C^3 1.2 Î .13 .25 ♦ .1
Table 2.1b#
Response of Hash and Thompson Plastic Scintillator to 
Protons.
Absorber
Thickness/ y Y(gms/ cm. ) 
X 10-3
25.3 t .1
72.8 1 .2
93.1 Î .3
144.7 i .4
170.0 t .5
219.0 Î .6 
244 . Î  .7
Proton
Energy
(îîaV)
13.8 Î .05
13.1 t .03
11.7 1 .05
10.9 t .05
9.3 t .08
.3 1 .08
6.15 11.1
4.8 ± 1.2
Pulse Height 
Relative to 
1 MeV 
Electrons.
7.33 t .7
6.83 Î .6 
5.89 Î .6 
5.26 Î .5 
4.37 Î .5 
3.52 Î .5 
2.31 Î .4 
1.39 i  .4
10
Protons 
kB=09>ÿO;^ /îL5= 10x10Electrons
8
6
4
2
1614121084 620
Particle Energy (Mev)
Figure 2.4 Kesponse of plastic scintillator to 
protons. The curves were calculated 
using Dirks * expression for specific 
fluorescence in organic scintillator 
for the values of kB shown.
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The response of the scintillator predicted by 
Dirks* expression, (2.1), may be obtained by integrating 
tho specific fluorescence over the particle range.
5 ( E )  =  / __dE/=lx  j X
4 ‘ 1^ j+ K6 d£/dX
I fzA)J + ^ 6 (cl E/ctx)i
0
where A » 1 corresponding to normalizing the pulse height
to 1 MoV electrons, (dE/dx)| is the specific ionization
appropriate to a proton of energy Ej, and R is the particle
range. The last expression in (2.4) was used to
calculate the curves in figure 2,4 for various assumed
values of kB. The range energy relationship in plastic
was taken as that for CH given by the tables of Rich and
Madey (1954). The composition of plastic scintillator
is given by the manufacturers as CH ^ .,5^ • Since the
difference between the range energy relationship for CH
and CHg ic small, the error in assuming CH for plastic
is negligible.
It is evident that a 10 percent variation in kB
does not introduce a large change in t|ie calculated
response. The experimental points fp^ Î7Ç 102 are best
«»2 •■2fitted when kB » 1,0 x 10* gas. cm. HeV* • A value of
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1.1 X lO**’ gms. cmT^ was adopted for the Nash and
Thompson sample.
Thoso valuea agree well with that obtained by
o
Boroli and Grimeland which was equivalent to 1.1 x 10*
•■2 **1gma. cn7 HeV* if tho air equivalent range la dofinod 
at 15^C and ?6o mm Hg.
Recently Gooding and Pugh (i960 ^ and private 
communication)have moaaurcd the reoponae of plastic 
scintillator HE 102 to protona up to l60 HoV and to 
douterons up to 120 MeV. They compared their measurement© 
to the response calculated for theoe particloe by 
integrating the formula
dS/dr « log (1 4 A dE/dr) (2.5)
for the speoific fluorasconce due to Wright (1953)# The
measurements described above imply a value of 25 t 2 mg,
"■2 •*1cm7 KeV* for a. Gooding and Pugh obtain a bost fit
S^t ••i
to their measured response for a » 28 1 5 ag.cml HeV* .
There is good agreement among the various measure- 
nenta. Since the concentration of fluorescent matorial 
used by the manufacturers is generally chosen to optimize 
the light output* and since sample® using both polystyrene 
and polyvinyltoluene baaos behave similarly it is plausible
- -
that similar values of kB would apply to all such plastic 
scintlllatora* Uncortelnties In the value of kB of 
about 10 percent lead to small inaccuracies in proton 
energy measurement using electron calibration* This 
can be aosn from the table below*
Electron Equivalent Pulse Height from Protons 
Proton Energy 1 10 gO 100
S(k3 = 1.1 X 10“*) ,19 4.82 37.26 82.70
S(kB - 1.0 * 10"*) .20 5.03 39.96 83.70
The results of the calibration of plastic ocintlllator 
are ized below*
1# Dirks * expression (2.1) for specific fluorescence 
of organic scintillator accurately predicts the 
response of plastic scintillator to protons*
2. The value of the coefficient kB is close to
—2 —2 „1
1.0 Î *1 X 10* gms. cm? KoV* for commercially
available plastic scintillators.
It is reasonable to assume that (2,1) may be used to 
obtain the rooponse for plastic to other heavily ionizing 
particles*
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CHAPTER III
The Detection System
(a) Introduction.
Many oxperiiaonte in nuclear physics require the 
detection and identification of charged particles.
An experiment in which a beam of particles are incident 
on a target is a typical example. The identification 
of particles of a particular mass among a flux of different 
particles emitted by the target is an essential require- 
moni: in most experiments of this type. In general the 
particle identification will require simultaneous 
measurement of two properties of the particle which 
have different dependence on particle mass. The 
specific ionization and range* or specific ionization 
and energy are often used. (Wolfe et al.,1955# Keck,1955# 
Rutherglen and Walker,I960),
The dependence of specific ionization on energy for 
non relativistic particles may be expressed as
where H* Z * and E are the particle mass* charge and 
energy. The specific ionization for single charged
particles is nearly proportional to particle mass* The 
specific ionization for pions  ^ protons, and douterons 
of the same energy are in the ratio ,22; It 1*7,
Wolfe shoved that the specific ionization and 
residual range, R of e particle are related by
The relative specific ionization for pions, protons, and 
deutercns having the same residual range ic ,4 ; 1; 1,3 
respectively.
Scintillation counter telescopes are suitable for 
identifying charged particles by either cf the above 
methods. The specific ionization and energy can be 
measured using a thin front scintillator and a thick 
scintillator in vhich the particles stop. Particle 
range may be defined by pulse height selection in the 
second counter or by introducing a third counter 
operated in anticoincidence with the other tvo. The 
separation of charged particles obtainable in practice 
is not as good as indicated by (3,1) and (3*2), The 
need to have reasonable pulse height resolution in the 
dE/dx measurement means that the energy loss must not bo
52
too small. The pulse height is then not strictly 
proportional to dE/dx. When organic scintillators are 
used the saturation of specific fluorescence for heavily 
ionising particles makes particle identification more 
difficult# A comparison of (3,1) and (3*2) indicates 
that the method of specific ionization and energy is to 
be preferred#
Two scintillation counter telescopes have been 
constructed to identify and measure the energy of protons 
end picna# They are described in the following sections,
(b) The Proton Telescope#
The scintillation counter telescope used to detect 
the protons (here after called the proton telescope) 
consists of 3 counters in which plastic scintillators 
are viewed by H.C.A. 6810 photomultipliers# The front 
scintillator was 26 thou# thick and 3 by 2^/8  inches 
in area# The second and third scintillators were 
cylindrical in shape being 3 and 4^ inches in diameter 
and 2 and ^ inch thick respectively# Plastic scintillator
I?E 102 was used in counters 1 and 3# The second
scintillator was the sample, manufactured by Nash and 
Thompson Ltd#, used in the Scintillation calibration.
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Good optical coupling between the scintillators and 
perspex light guides and between the light guides and 
photomultipliers was obtained using silicone fluid*
This counter telescope identified protons by means 
of dE/dx and E. The development of a thin dE/dx 
scintillation counter was crucial to the experimental 
technique used* This counter will be described in 
detail *
Tho thin plastic scintillator was made by heating 
and pressing a piece of plastic. It was carefully 
olocoied and placed on a clean piece of plate glass* A
second piece of plate glass was supported above the 
scintillator. The glass plates and scintillator were 
heated in an oven to 150^0. After about an hour the 
supports for the top glass plat© were removed and lead 
blocks loaded on to press the scintillator. The 
thickness of the pressed scintillator was determined 
by spacers placed between the glass plates. 1/hen the 
top glass plat© appeared to be resting on the spacers 
the oven was switched off and allowed to cool slowly with 
the door closed. The slow cooling annealed the 
scintillator. The scintillator was removed from th© 
glass plates by placing them under water and waiting for
AL.
RM.
Figure 3*1. Thin Scintillator Mounting
S scintillator 
M window 
p perspex
Al aluminium 
PM photomultiplier 
R magnésium oxide 
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them to separate. In order to obtain high quality 
ecintillator it was necessary to produce a large sheet 
and to cut the required scintillator from the best part*
The scintillator mounting is shown in figure 3*1#
The scintillator was clamped by the perspex strips. The 
aluminium enclosure surrounding the scintillator has two 
windows covered with ^ thou aluminized mylar and a double 
layer of 0.2 thou aluminium foil; The interior shape of 
the enclosure was moulded using plaster of Paris, and coated 
with magnesium oxide by burning magnesium ribbon inside 
tho enclosure. The photomultiplier used in this counter 
was selected for low noise level. The pulse height and 
resolution obtained with this counter were satisfactory*
The pulse height calibration was obtained using 
160 KeY internal conversion electrons from an indium 
ll4 source. The source was collimated and placed close 
to the counter window. The electron energy incident on 
the scintillator was 96 KeV. The pulse height distribution 
due to the indium electrons was obtained using a 100 
channel kicksorter. A typical pulse height distribution 
is shown in figure 3*2. The background, which was mainly 
due to photomultiplier noise, is also shown. The spectra 
shown in figure 3*2 were obtained by counting for one
lOOO
INDIUM 114 ELECTRONSCOUNTS
PER
CHANNEL
5 0 0
BACKGROUND
6 04020
CHANNEL
Piguro 3♦2, Pulse height distribution obtained 
vith the thin scintillation counter 
for indium ll4 internal conversion 
electrons* The upper curve includes 
the background *
+  HT
_n_
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L IM ITE R
COINCIDENCE "  
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LIMITER ANTICOINCIDENCE
INPUT
Figure 3.3. Coincidence circuit used with 
proton telescope* One coincidence 
and one anticoincidence input are 
shown •
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minute. V/hen the kicksorter bias is allowed for an the 
background subtracted the resolution of the peak is 
60 percent half width at half height.
The proton telescope was operated in a 1 + 2 - 3
coincidence anticoincidence sequence. The modified
form of the Bell coincidence circuit shown in figure 3.3
was used. Each input is terminated in a shorted 100 ohm
line I and is connected to the common point A through a
germanium diode. For coincidence inputs the diode la
normally conducting. IVhen the coincidence bias is
properly adjusted a coincidence to singles ratio of 20
to 1 is possible with this circuit. The diode at the
anticoincidence input is normally biased off* A
negative pulse causes the diode to conduct and prevents
a large coincidence pulse from being formed at A* The
negative input is obtained by inverting the limited
pulses using a pulse transformer. Conventional limiter
circuits using E I80 F valves arc employed. When 1#5
metre shorted lines were used the coincidence resolving
*-9time was 5 % 10 seconds. A non inverting output from 
the limiter valve of counter 3 was used to determine the 
correct delay relative to the other counters. The 
principal advantage of this circuit lies in tho separate
3 2
d is c r im in a t o r AMR
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KICKSORTER
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GENERATOR
WHITE
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l e n g t h e n f r DISTRIBUTED
KICKSORTER AMP.
Figure 3.4. Block diagram of circuit used for 
testing and calibration of the 
proton telescope*
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minute* \7hen the kicksorter bias is allowed for an the
background subtracted the resolution of the peak is
60 percent half width at half height*
The proton telescope was operated in a 1 -f* 2 - 3
coincidence - anticoincidence sequence* The modified
form of the Dell coincidence circuit shown in figure 3#3
was used* Each input is terminated in a shorted 100 ohm
line, arïd is connected to the common point A through a
germanium diode* For coincidence inputs the diode is
normally conducting* When the coincidence bias is
properly adjusted a coincidence to singles ratio of 20
to 1 is possible with th,is circuit* The diode at the
anticoincidence input is normally biased off* A
negative pulse causes the diode to conduct and prevents
a large coincidence pulse from being formed at A* The
negative input is obtained by inverting the limited
pulses using a pulse transformer* Conventional limiter
circuits using E I80 F valves are employed* When 1#5
metre shorted lines were used the coincidence resolving
-9time was 5 x 10 seconds. A non inverting output from 
the limiter valve of counter 3 was used to determine the 
correct delay relative to the other counters* The 
principal advantage of this circuit lies in the separate
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Figure 3*4. Block diagram of circuit used for 
testing and calibration of the 
proton telescope*
termination at each input* The addition of an extra 
coincidence or anticoincidence input does not involve 
complicated impedance matching*
The circuit used in the testing and calibration of 
the proton teleacope is shown in figure 3#4* The 
pulses used to measure specific ionisation and energy 
were taken from the 12th and 11th photomultiplier dynodes 
of counters 1 and 2 respectively* The pulse from 
counter 2 was inverted using a pulse transformer* A 
2*2 p sec delay was inserted between counter 2 and the 
White cathode follower* Counter 1 was connected directly 
into the delay line at a point separated from counter 2 
by 0*4 p seconds* When a 1 + 2 - 3 coincidence occurred 
a 541 Tektronix oscilloscope was triggered and the 
signals from counters 1 and 2 displayed* The oscilloscope 
sweep speed was *2 p sec per cm. The inversion of one 
pulse greatly facilitated the identification of pulses 
due to 1 + 2 coincidencea from random background * The 
pulse height discriminator was used to prevent low energy 
particles, mainly electrons^from triggering the 
oscilloscope *
Counter 2 was calibrated using pulse height distributions 
for thorium and sodium 22 gamma rays* These sources
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produce Compton edges at 2«39 and 1«07 MeV respectively* 
Counter 1 was calibrated using indium ll4 internal 
conversion electrons* The counter pulses were amplified, 
lengthened} and the pulse height distribution was 
displayed on a 100 channel kicksorter*
The pulse height measured using the kicksorter was 
related to the observed deflection on the oscilloscope 
trace* A thorium source was placed between counters 
1 and 2 and a slow coincidence counting rate was obtained 
(a few counts a minute) by setting the blocking oscillator 
trigger level to trigger only on the largest coincidence 
pulses* The kicksorter was gated to accept pulses 
when the blocking oscillator was triggered. The 
oscilloscope traces were photographed and the kicksorter 
channel in which each couht occurred was recorded* A 
dozen pulses sufficed to obtain the correlation between 
the pulse height displayed on the oscilloscope and on the 
kicksorter. The above procedure was used each time the 
counters were calibrated so that the calibration did not 
depend on the long term stability of the distributed 
amplifiers*
The performance of the proton telescope was tested 
using the 310 HeV bremsstrahlung beam of the Glasgow
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Figure 3*5- Plan of experimental arrangement used 
in proton telescope tests*
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electron synchrotron* The various properties of the 
synchrotron and the photon beam are discussed in Chapter 
IV* A 16 inch perspex sheet was placed in the beam 
10 metros from the synchrotron target* Placing the 
perspex target in this position allowed the counter 
tests to be done at the samo time as the beam was being 
used for another experiment* A six inch thick steel 
shield was positioned just in front of the target to 
shield tho counters from the large flux of charged particles 
produced at small angles to the beam* The experimental 
arrangement Is shown in figure 3*5# The counter 
telescope was positioned with its axis at 65 degrees to 
the Incident beam direction. The lead shielding which 
was 1 inch thick was provided to reduce the random 
background in the counters* The aperture of the counter 
telescope was defined by a 2^ inch hole in the lead 
block between counters 1 and 2* For the geometry used 
the aperture was *015 steradians* The average beam 
intensity and width during this test were 3 % 10^ 
equivalent quanta per minute and kOO seconds respectively* 
1 + 2 - 3  coincidences were used to trigger the oscilloscope* 
The oscilloscope traces were photographed with a camera 
having an f 1#0 lens using Ilford KPS film. The
CounTer
Proton Telescope P u ls e  H e i g h t D/s^/a^
M.l
Figure 3.6. Plot of deflection in counter 1 against 
deflection in counter Z showing the 
separation of pions# protons» and 
douterons obtained by the method of 
dE/dx and B.
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recorded traces were projected in a microfilm reader and 
the poeition» separation» and height of the two pulses 
measured* Events for which the separation or position of 
the pulses differed by more than 20 or 50 nanoseconds 
respectively from the mean wore rejected* The absence 
of any traces in which the pulses occurring in the 
reverse order satisfied tho position and separation 
requirements indicated that the probability of random 
pulses simulating a true 1 + 2 - 3  event is negligible*
The measured deflection of the pulse from counter 
1 was plotted against that from 2 for all traces that 
satisfied the above conditions* The spots shown in 
figure 3 06 ware obtained in a I5 minute run* The curves 
were calculated using the counter calibration obtained 
with the sourceo and the response of plastic scintillator 
for different charged particles* A reasonable separation 
between the various charged particles is obtained* The 
shape and position of the band of protons agrees well with 
the calculated curve* The X indicates the expected 
endpoint of the proton band at 61 HeV corresponding to the 
range of counter 2* The points lying between the 
proton and pion curves may be attributed to negative 
pions stopping in the second scintillator* Nuclear
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Figure 3.7. Graph of log A N  va log X u«e4 to 
obtain end point calibration of the 
proton telescope• The arrow 
indicates th© end point adopted and 
the dashed lines, the estimated 
limit of error.
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disintegration resulting from th© capture of the 
negative plena produces a varying number of charged 
particles. Since this process happens very quickly the 
pulse helgit due to tho charged nuclear particles will 
be added t» that due to the pion kinetic energy. The 
arrows indicate tho defloction expected for minimum 
ionising p&rticles traversing the scintillators.
The endpoint of the proton spectrum may be used to 
obtain a calibration of the counter telescope at high 
energy. In the test run described above a total of ?4o 
protons were identified. The uncertainty In this number 
was of the order of i ZO due to the difficulty of 
separating protons from pions and douterons. A graph of 
log d K vs log X was plotted where A H  is the number of 
spots in the proton band in an interval AX about the 
deflection x. Figure 3»7 shows a typical log A H ve. 
log X plot, A straight line least squares fit was made 
to the points for log x < 1. The straight line through 
the points above log x 1 was drawn by eye * The end 
point was defined as the deflection where the ordinate on 
the second line equals log (aH/2) as defined by the first 
line. The energy calibrations# determined using sources 
and the end point of the proton speotrum, agreed to within
— 6l ••
5 percent.
The procedure outlined above may be Justified by 
considering the known energy spectrum of protons produced 
in photodisintegration. Keck (1952) measured the energy 
spectrum of protons from carbon and cadmium produced by 
300 MoV bremsstrahlung. He found that
=< E ^ (3.3)
where E is the proton energy in MeV and Y depends on
the nucleus and the angle at which the protons are detected*
For carbon he found Y » 1*7 up to I30 HeV at 67 degrees.
Since a perspex target (composition GgUgO^) was 
mistakenly used in the proton counter tests a direct 
comparison with Keck*s measurement is not possible*
However the proton spectrum from perspex may be expected 
to show an approximate exponential energy dependence*
The pulse height in counter 2 is proportional to the 
proton energy to a first approximation so that the log AH  
may reasonably be expected to show a linear dependence 
on log X. To check this assumption the energy spectrum 
of protons from perspex was obtained from the pulse height 
distribution using the average of the two calibrations*
After correcting for energy loss in the target# the energy
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spectrum was best fitted by”E~^ dependence with Y « 1*5* 
The test of the proton counter telescope indicated 
that the separation of protons from the other charged 
particles is adequate to allow their identification by 
the method of simultaneous measurement of specific 
ionization and energy. The close agreement between the 
energy calibrations done at 2*4 and 81 MeV indicates 
that the pulse height in counter 2 may be used to measure 
proton energies between 15 and 81 MeV. The ability to 
register protons over the entire energy range that is of 
Interest is very important in an experiment where low 
counting rates are expected.
(c) The Pion Telescope
The method of simultaneous measurement of specific 
ionization and energy is unsuitable for the detection of 
negative pions. The difficulty due to production of 
charged particles in negative pion capture by nuclei is 
avoided when specific ionization and range are used to 
identify pions. The energy lost by a charged particle 
traversing a counter which is thin with respect to the 
particle range may deviate substantially from the most 
probable energy loss. In particular large deviations
•» 6 3  •“
towards higher energy loss are observed# The 
distribution of energy loss has been described by Landau 
(1944) (see also Cranshaw^195^)• The loss in 
resolution in th© measurement of specific ionization due 
to this effect may be largely avoided by measuring the 
specific ionisation in two or more counters. The gain 
in tho counters is adjusted so that the most probable 
pulse heights are equal and the smallest pulse selected.
The counter telescope described below makes use of this 
method #
A scintillation counter telescope (herafter called 
the pion telescope) consisting of four counters was used 
to detect pions by the specific ionisation and range 
method* Plastic scintillator NE 101 was used in counters 
1 and 2# and NE 102 in counters 3 and 4. The scintillators 
1 $ 2# 3# and 4 were 3# 3» 2 5/b , and 5 inches in diameter 
and J# and ^ inch thick respectively. The
aperture of the counter telescope was defined by counter 
3. Particles which stopped in counter 3 produced a 
1 + 2 + 3 - 4 coincidence - anticoincidence in a Bell 
type coincidence circuit having a resolving time of 
20 nanoseconds. This circuit has been described by 
Rutherglen and Walker (Rutherglen, I96O# Walker, I960)•
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The pulse height at the collector of counters 1 and 2 
was measured using a display system described later.
Absorbers were Introduced into the counter telescope 
(see fig. 3.8). Absorber A^ served to increase the width 
of the particle range defined by the telescope. A^ 
prevented charged particles produced by negative pion 
capture stars in counter 3 and A^ from entering counter 2. 
A^ was chosen so that the counter telescope detected 
pions in the required energy range. When A^ #^ A^$ and 
A^ were 1# and 1^  ^inch thick perspex sheets respectively# 
the telescope detected pions in the range 4g.8 to 60.0 
MeV and protons in the range 102 to 132 MeV.
The effect of negative pion star particles may be 
shown to be small. When A^ is & inch thick only protons 
with energy 35 MeV can enter counter 2. It is known 
that 10 percent of all negative pion captures in carbon 
produce protons of energy 30 MeV (Ammiraju and 
Lederman,195^)• From a consideration of the counter 
telescope geometzy it was estimated that less than one 
percent of the negative pions produced star particles 
that enter counter 2. Counter 4 was placed as far behind 
counter 3 and A^ as was consistent with efficient 
anticoincidence operation to reduce the number of particles 
from negative pion stars that enter counter 4. When 
this happens the event will not be registered.
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Figure 3*8* Block diagram of the circuit used
with the pion telescope*
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Tho pulsea from the collector of cotmters 1 and 2 
and a pulse signifying a l  + 2 + 3 # - 4  coincidence 
anticoincidence were fed through 70 ohm cables to tho 
display system* A block diagram of the display system 
facilities used in this experiment is shown in figure 
3*8 * Tho complote display system has been described by 
Rutherglen euid Walker (i960) and by Walker (i960)* The 
coincidence pulse triggers a blocking oscillator trigger 
circuit which produces a 20 volt pulse . 2 p seconds long. 
This pulse was used to operate a linear gate which 
allowed the collector pulses from counters 1 and 2 to 
pass through to tho Icngthener circuit. The lengthened 
pulses are rectangular# 2 p seconds long and proportional 
in height to the input pulses* They are amplified by 
two paraphas© amplifiers and fed to the X and Y dofloction 
plates of a cathode ray tube. A negative 40 volt pulse 
is simultaneously fed to the cathode of the C.R.T* This 
system produces a spot on the C.R.T* face which has X 
and Y deflections proportional to the pulse height in 
counters 1 and 2. The double discriminator is used to 
prevent the "bright up" occurring for X or Y deflections 
loss than a minimum deflection. This eliminates a 
large number of spots due to low energy electrons. The
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information Is recorded by photographing the C.R.T, 
display. The selector is a conventional diode coincidence 
circuit which was designed to give an output proportional 
in height to the smaller of the two input pulses. The 
selector output was displayed on a 100 channel kicksorter. 
The kicksorter was gated by the double discriminator to 
prevent a large number of electrons from introducing 
largo dead time losses. The kicksorter display was used 
as a continuous check that the system was operating 
satisfactorily.
The performance of the pion telescope was tested 
using the 3^7 MeV bremsstrahlung beam of the Glasgow 
electron synchrotron. A l6 inch perspex target was 
placed in the bean 6 metres from the synchrotron target#
The pion telescope was 12 inches from the target. The 
tolescopo aperture subtended an angle of #019 steradiana 
in this position. The beam passed through a hole in a 
steel screen which shielded the counters from charged 
particles produced by the beam in air. Signals from 
the counter telescope were fed to the display system 
located in the beam research room#
The E.H.T. supply voltages to tho counters were 
adjusted so that collector pulses produced by 2#6 HeV
Counter 2
• .
Counter 1
MESON TELESCOPE PULSE H E IG H T  DISPLAY
Figure 3*9. Cathode ray tube display of pulse
height from counters 1 and 2 of 
the pion telescope*
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thorium gamma rays fully cut off the limiter valves
of the coincidence circuit. The C.II.T. supplies to 
counters 1 and 2 were then set so that the pulse height 
due to particles produced in the perspex target and 
stopping in counter 3 produced equal pulso height at the 
X and y deflection plates of the display unit cathode 
ray tube. The C.H.T. display of pulses from counters 
1 and 2 was photographed•
A typical spot picture is shown in figure 3«9« Host 
of the spots lie close to a line bisecting the angle 
between the X and Y axes. Spots that appear well of 
this line are produced when tho energy loss in one counter 
is large with respect to the mean energy loss for tho 
particle. The spots are seen to lie in 3 groups 
corresponding to electrons# pions, and protons* A 
thorium source was placed behind counter 2 so that 
energetic beta particles could penetrate counter 2 and 
enter counter 1* In the resulting C.R.T. display the 
spots coincided with the part of the electron group in 
figure 3é9 closest to the origin. It was concluded 
that the spot groups have been properly attributed to 
electrons» pions» and protons*
A typical pulse height distribution obtained using
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the 100 channel kicksorter is shown in figure 3*10*
A distinct separation into three groups is observed^
The C.R.T, and kicksorter displays were correlated using 
a pulse generator. The height of pulses fed to the two 
signal inputs of the display unit were varied 
independently. The loci of C.R.T. deflections corresponding 
to a given kicksorter channel was obtained. They were 
found to be shaped. Typical loci are the lines
separating the electron# pion, and proton regions in 
figure 3.9* The bracket in figure 3#10 corresponds to 
the pion region in figure 3*9• It was concluded that 
the three groups shown in the kicksorter display 
corresponded to electrons, pions, and protons as indicated.
The work described above indicated that the pion 
telescope was capable of detecting and identifying pions 
by the nethod of specific ionization and range..
(d) Detection of Protons in Coincidence with Negative
Plone.
The simultaneous detection of negative pions and 
protons from deuterium was accomplished using the counter 
telescopes described in the preceding sections. A 
block diagram of the complete electronic system is shown
K Æ S O N  SCINTILLATION P R O T O N  SCINTILLATION
C O U N TE R  TELESCOPE COUNTER TELESCOPE
DELAY
C O IN C ID EN C E
CIRCUIT
V SIGNAL
TRIGGER
PULSE
DISPLAY
GATE
SYSTEM
OSCILLOSCOPE
Y O U T X OUT
GATING PULSE
SINGLE
CHANNELSELECTOR
lO O
c h a n n e l
SCHEMATIC C IR C U IT  D IAGRAM
Figure 3*11. Block diagram of circuit used to
detect protons in coincidence with 
negative pions from deuterium*
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in figure 3#11. A l + 2 + 3 - ^  coincidence -
anticoincidence is formed in the coincidence circuit*
Tho pulse heights fron counters 1 and 2 are displayed 
on the cathode ray tube display system and a pulse 
proportional in height to the smaller of 1 or 2 is 
fed to the 100 channel kicksorter* A single channel 
kicksorter is set to select pulses in the pion group.
When a pulse occurs in the pion group the single channel 
kicksorter opens the gate and a trigger pulse from tho 
display system blocking oscillator is fed to the trigger 
input of a 5^1 Tektronix oscilloscope. The signal pulses 
from counters 1 and 2 of the proton telescope are 
displayed on the oscilloscope trace. The signal delays 
are adjusted so that the signal pulses appear in the 
middle of the oscilloscope trace. The trigger pulse 
is delayed to allow the gate to open fully* No difficulty 
in distinguishing negative and positive pions arises 
since protons will only be produced in coincidence with 
the former*
The operation of a coincidence counter telescope 
at small angles to the bremsstrahlung beam is difficult*
The large number of charged particles (mainly electrons) 
produced at forward angles produces high counting rates*
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Large doad time losses and high random coincidence rates 
may then be encountered* The negative pion-proton 
detection system avoids these difficulties by demanding 
coincidences from the pion telescope only. It was 
situated at 90 degrees to the beam.
A preliminary test of the entire detection system 
was made using a heavy water target. An envelope was 
constructed by folding and welding 2 thou mylar sheet 
and was filled with 10 gms of heavy water. The heavy water 
target was suspended in the 30? HeV bremsstrahlung beam 
of the Glasgow electron synchrotron with the normal to 
the target at 4) degrees to the beam. The average 
thickness of heavy water in the beam was i inch. The 
pion telescope was placed at 90 degrees to the beam with 
counter 3# which defined the counteiy^perture* 17 inches 
from the target. The proton telescope was placed at 
30 degrees to the incident beam. A 2 inch diameter 
hole in a ^ inch thick lead block# placed between counters 
1 and 2 and l6 inches from the target# defined the proton 
telescope aperture. Lead blocks 1 inch thick were 
placed either side of the proton telescope to shield the 
counters from the general room background. Tho photon 
beam passed through a hole in a 6 inch thick steel screen
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which shielded the counters from charged particles 
produced in the air. The arrangement was identical 
to that shown in figure 4.6 except for the target. The
total photon flux was monitored using a Cornell thick- 
walled copper ionization chamber.
The oscilloscope was triggered when a pion was 
detected in the pion telescope and the oscilloscope 
traces were photographed. A single channel kicksorter 
was set to accept pulses which were registered botween 
channels 11 and 45 of the 100 channel kicksorter. Thc% 
upper end of the electron group was included (see figure 
3*10). This was done to ensure that pions were not
missed. Xt was not expected that protons would be
observed in coincidence with the extra electron triggers.
A total of 556 traces were recorded on film
10corresponding to a total beam flux of 8.0 x 10 
equivalent quanta. The film was analysed as described 
above. Seventeen traces were found which satisfied the 
criteria of pulse separation and position. The pulse 
heights from counters 1 and 2 were measured for these 
traces and a diagram similar to figure 3#6 was plotted. 
Comparison with the calculated response curve for protons 
indicated that 12 of the plotted points were consistent
- 72 -
with the particles being protons * The remaining 5 points
lay well below tho proton curve. The background of
random pulses that occurred on these traces was not large 
and there was no ambiguity in the identification of the 
17 coincidence particles#
The number of pion-proton coincidence events expected 
in this run was calculated# Free nucleon kinematics were
assumed and the -/+ ratio and differential cross section
for positive pion production at a proton were obtained 
from Mo rave a ik^ a paper (1957)* This gave 70 negative 
pions* Xt was assumed that 5 of the recoil protons
would enter the proton telescope (detailed calculations
later showed 10 to bo the correct fraction) indicating 
that l4 pion-proton coincidence events were expected*
The detection system has been shown to operate 
satisfactorily under more serious background conditions 
than are expected when a liquid deuterium target is used* 
An unambiguôuo identification of pion-proton coincidence 
events was obtained* The cathode ray tube and kicksorter 
displays provide a useful oh#ck that the system was 
functioning properly* The number of pion-proton 
coincidence events observed in this short run was of the 
order of magnitude expected# The detection system may
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be expected to provide a satiefactory measurement of the 
energy distribution of protons observed in coincidence 
with negative pions#
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CHAPTER IV
Photoproduction of Negative Pions in Deuterium.
(a) The Synchrotron*
The scintillation counter toloscopes described in 
Chapter XXX were used to determine the angular 
distribution and energy spectrum of protons detected in 
coincidence with negative pions from deuterium* The 
bremsstrahlung beam of the Glasgow electron synchrotron 
(McFarlane et al*, 1955) provided the source of photons.
Xn the Glasgow synchrotron the electrons are accelerated 
in a circular orbit 125 cm in radius. The guide field 
is provided by 20 C section magnets which are pulsed by 
discharging a condenser bank through the magnet coils* 
Electrons are injected at 70 to 80 KeV by a diode gun and 
are accelerated to relativistic velocity by betatron 
action* Synchrotron acceleration is obtained using two 
quarter wave resonators* The maximum energy of the 
circulating electron beam depends on the guide field and 
energies up to 340 HeV are obtained by varying the 
voltage on the condenser bank* The recent addition of 
D*C* bias to the magnet allows the maximum energy to be 
extended to 440 MeV* The bremsstrahlung beam is 
produced by allowing the maximum energy electrons to
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spiral in and strike a *06 inch tungsten wire# The 
photons produced in the synchrotron target pass into an 
adjacent experimental beam room. The nature of the 
photon beam and the experimental conditions that obtain 
necessarily play a large part in the design of experiments 
using the synchrotron beam#
The bremsstrahlung beam contains photons of all
energies between E _ and zero# where E is themax max
maximum energy of the circulating electron beam. Over
a considerable range of energy the number of photons is
inversely proportional to their energy. There is a
sharp cut off at E The energy spectrum has beenmax
calculated by Schiff (lÿ46) for an infinitely thin 
target. For targets available in practice# multiple 
scattering of the electrons is an important effect*
In circular accelerators multiple traversals of the target 
also occurs. The bremsstrahlung spectrum of the 
collimated beam from the Glasgow synchrotron operated at 
a maximum energy of 314 MeV has been measured by 
Hutherglen and Walker (Walker, i960) using a magnetic 
pair spectrometer. This instrument used 30 degree 
deflection. The electron-positron pairs were detected 
in coincidence using scintillation counters. The results
1*0 -
0 6 ■
0-2*
300200tooo
E^ fMeV)
Figur* 4.1. Bremsstrahlung spectrum* The curve 
is the Schiff thin target spectrum* 
The experimental points are due to 
Hutherglen and Walker (Walker I960)*
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of this measurement are shown in figure 4.1. The energy 
resolution is shown at 300 HeV. The curve is the 
Schiff thin target spectrumi and the experimental points 
are in good agreement with it above 100 HeV. At lover 
energy multiple scattering of electrons introduced large 
errors.
Photons produced in the bremsstrahlung process are
emitted in the direction of the incident electron with an
2 2angular spread ~  me where mo is the electron rest
mass and is the incident electron energy. For
300 MeV electrons the angular spread is^^/10 degrees.
The angular width of the beam is increased by multiple 
scattering of the electrons in the target and by variation 
of the initial direction of the electrons due to multiple 
traversals of tho target. The intensity distribution 
of the bremsstrahlung beam from the Glasgow synchrotron is 
bell shaped and has e o i angular full width at half 
maximum of .46 dogreos (Atkinson et al., 1957)* The 
width of the beam is thus mainly determined by multiple 
scattering. To improve the geometry of the beam a 
collimation system was developed and is described by 
Atkinson et al. The primary collimator is a ^ inch 
hole in a 9 inch long lead cylinder placed 125 cm.from
o
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the synchrotron target* The median plane section of the 
collimation system is shown in figure 4.2. The 
contamination of charged particles produced at the 
collimator is removed by a scrubber magnet, C. A 
secondary lead collimator serves to remove photons and 
electrons scattered in the primary collimator. The 
pair spectrometer magnet, D, may be used as a secondary 
scrubber. The beam tube is evacuated. The full width
of the collimated beam is 0.20 degrees. An X«ray
photograph of the collimated beam at 6.5 metres from the 
target Is shown to scale In figure 4.5#
A bremsstrahlung beam is usually described by its 
maximum energy and the number of equivalent quanta,
Q, per unit time where#
^max
o
where U is the total energy in the beam# and H(E)d£ is
the number of photons between E and E 4 dE per unit time.
When Qt E and the spectral shape are known E(e } is max
defined.
The bremsstrahlung beam of the Glasgow synchrotron 
is monitored using a Cornell thick-walled copper ionization 
chamber (Corson et al.# 1953)# The thickness of the
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copper walls Is chosen so that the charge developed
Is largely due to ionization by electrons of a shower
near the shower maximum* The number of electrons at the
shower maximum is nearly proportional to the photon
energy* The total charge collected is then roughly
proportional to the total energy in the beam. The
sensitivity of the chamber is expressed in HeV per
coulomb and is dependent on E * The Cornell chambermax
is open to the atmosphere and tho calibration is referred 
to normal temperature and pressure. Several of these 
chambers have been calibrated at Cornell# the agreement 
between the different chambers is good. The Cornell 
calibration is assumed for the Glasgow chamber. An 
ionization oheuaber constructed from the quantameter 
design of Wilson (l?57) is also available but was not 
used in the work described here.
The maximum energy of the Glasgow synchrotron is 
determined by measuring the maximum magnet current# the 
guide field being known as a function of magnet current# 
Measurement of made using the pair spectrometer
showed good agreement with obtained from magnet
current measurements (McFarlane, private communication)«
When the bremsstrahlung beam is used in counter
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experiments it is desirable that the ratio of 
instantaneous intensity to the average intensity be ae 
low as possible. The random coincidence rate, pile 
up, and dead time losses depend on the instantaneous 
intensity. The width of the beam from the Glasgow 
synchrotron may be extended to 2 milliseconds by suitable 
modulation of the radio frequency power supplied to the 
resonators. The beam shape is monitored by a thin 
scintillator placed directly in the beam.
(b) The Target
The thin liquid deuterium target used in this 
experiment was constructed by D, Miller and has been 
described by Bellamy et al. (1960). A section through 
the cryostat is shown in figure 4.). The target chamber 
is in good thermal contact with a 1 litre reservoir 
containing liquid hydrogen refrigerant at atmospherio 
pressure* The target and liquid hydrogen reservoir 
are surrounded by a radiation shield at liquid nitrogen 
temperature (77^%) # The vacuum in the cryostat was 
maintained at less than 10*^ mm.Hg by an oil diffusion 
pump.
The target chamber is shown in figure 4.4. The
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thin target vails are .001 Inch mylar. The central 
section» A» contains the liquid deuterium. The outer 
sections» C » are connected together and filled with 
hydrogen gas. A zero pressure difference Is maintained 
across the inner target walls so that the liquid target 
is flat and of uniform thickness. Slow changes in 
deuterium vapour pressure are compensated for by the 
slack foil device D. The target thickness was measured 
at room temperature using a microscope and found to be 
1 1 .003 cm. Resistance type level Indicators are used 
to show whether the target was empty or full.
The thiclmoss of material traversed by the incident 
photon beam and by particles emitted from the target was 
small. The total target wall thickness was «004 inches. 
Ports cut in the radiation shield were covered with 
.0002 inch aluminium foil. Mylar windows «004 inch 
thick were provided in the outer vacuum Jacket. Two 
of these windows were largo (4^ x I6 inches) to allow the 
detection of emitted particles over a large angular range.
A wooden ring was attached to the top of tho 
rectangular part of the outer vacuum Jacket (see figure 
4 .3)* The centre of this ring was located above the 
centre of the target to within 2 mm.by a complicated
Figure 4.5- X-ray photograph of bremsstrahlung 
beam showing one of the crosses 
used to line up the target.
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procedure using» marks on the target viewed through small 
holes in the radiation shield» and plumb lines suspended 
from the wooden ring. Since it was necessary to move 
the proton telescope to different angles during the 
experimental run a system was devised to aid the lining 
up of this telescope, A bracket attached to the proton 
telescope trolley fitted loosely around the cylindrical 
part of the target vacuum Jacket, It was located by 
4 screws so that the axis of the counter telescope passed 
through » and was constrained to rotate about the centre 
of the target.
The deuterium used to fill the target was produced 
by electrolysis of heavy water and was stored in a 160 
litre tank at 80 cm.Hg«
(c) Experimental Procedure.
The deuterium target was placed in the 307 HeV 
bremsstrahlung beam 6 metres from the synchrotron target 
with the normal to tho target surfaces at 40 degrees 
to the beam. The target was located in the beam using 
crosses suspended from the wooden ring. The alignment 
was checked by obtaining X-ray photographs. The final 
alignment is shown in figure 4,5
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The beam passed through vacuum between the primary 
collimator and the target except for 1 inch of air between 
the beam tube and the target vacuum. The experimental 
arrangement is shown in figure 4.6. A general view of 
the apparatus in the beam room is shown in figure 4.?.
The beam tube passed through a 6 inch steel screen 
placed between the target and pair spectrometer. This 
provided extra shielding against charged particles 
swept out of the boam by the pair spectrometer magnet.
The scrubber and pair spectrometer magnets were always 
on whon data was being recorded.
The pion telescope was placed with its axis at 
90 1 1 degrees to the incident beam direction with 
counter 3# which defined the telescope aperature 17 t .2 
inches from the target. In this position it subtended 
an angle of .0187 - .0005 steradians at the centre of the 
target. The angular acceptance was l3«7 degrees. The 
pion telescope was operated in a l - f 2  + 3 -  4 coincidence" 
anticoincidence sequence and detected pions incident on 
it# between 45*8 and 60.0 HeV.
The energy distribution of protons detected in 
coincidence with the pions was obtained. The proton 
telescope was positioned with its axis at 30 1 1 degrees
"TüiSfiiil
à
Figure 4#?. General view of apparatus in the beam
room showing the target and the two 
counter telescopes.
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to the incident beam. The telescope aperture was 
defined by a 2 inch diameter hole in a half inch thick 
lead block placed between counters 1 and 2. The central 
plane of this block was l6.5 Î #2” from the centre of 
the target and defined a solid angle of *0113 - *0003 
steradians at that point. Tlie angular acceptance of the 
proton telescope was 13*5 degrees. Lead blocks 1 inch 
thick were placed either side of the proton telescope to 
shield it from charged particles produced by the beam 
in the target window and in the air near the counters. 
Pulses from counters 1 and 2 were displayed on an 
oscilloscope whenever a pion was detected. The 
oscilloscope traces were photographed.
The angular distribution of the protons detected 
in coincidence with the negative pions was measured. 
Protons were detected at 4 angles# 22# 30# 38; and 46 
degrees measured from the incident beam direction. The 
uncertainty in the position of the proton telescope was 
ll degree in each case.
The experimental run lasted 33 days in which time a
12total flux of 5 ^ 10 equivalent quanta passed through 
the target. The empty target background was measured 
at the beginning and end of the experimental run. The
«■ 8 4  •*
proton telescope 81 HeV endpoint calibration vas obtained
at the beginning and end of the run using protons
produced at 65 degrees in a perspex target# and once
during the run using protons produced in the deuterium
target* The proton telescope was calibrated at the
11beginning and end of each day*a run using thorium 0 
2.62 MeV# and sodium 22 1.28 MeV gamma rays^and I60 KeV 
internal conversion electrons from indium ll4. At 
least one hour was allowed after switching on for the 
electronics to become stable before calibration*
The performance of the pion detection system was 
checked several times each day by photographing the 
cathode ray tube spot display (see figure 3*9)• The 
100 channel liicksorter display (figure 3*10) was used as 
a continuous monitor of the pion detection system*
The operation of the single channel kicksorter and the 
oscilloscope trigger system was monitored by checking 
that the oscilloscope was triggered whenever an event 
was recorded in the pion group on the 100 channel 
kicksorter display* The B.H.T* voltages and the 
various trigger levels were checked each day before 
data was recorded. The operation of the amplifier- 
integrator system which was used to record the total
0.4 /» SEC.-
Figure 4.8. Typical oscilloscope traces. The
dashed lines indicate the delay 
between counters 1 and 2.
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charge collected by the beam monitor was checked several 
times each day. The various checks gave a good indication 
of tUo operation of the detection system and allowed 
faults to be found quickly.
Data recorded when tho operation of the dotection 
system or the beam monitor were suspect were rejected.
Tho remaining film ims analysed to select coincident 
protons. Tho position and separation of pulses fron 
counters 1 and 2 woro used to select coincident particles. 
The traces shown in figure 4.8 were selected to illustrate 
the various typos of tracco that wore found. Positive 
deflections are produced by counter 1# nogativo cnee by 
counter 2. The first trace is due to a coincident 
liarticle entering the telescope. Tho majority of the 
traces were like 2 in which no particles woro detected 
in either counter. In 3 the trace produced by a random 
particle entering the telescope is shoim. Tho last 
pulsG 1© not associated with a pulso fron counter 1 and 
may be attributed to a photon or to ft charged particle 
that missed counter 1. Four illustratos tho trace 
Gxpected when a coincident neutron produces a knock on 
proton in counter 2. Since the pion telescope does not 
dictingulsh between negative and positive pions, there is
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a high probability of tzacas like h occurring* The 
counter geometry prevents particles produced in the 
target from entering counter 2 directly without 
traversing counter 1. The background runs indicated 
that traces of this type were due to particles from the 
target. All traces like 4 were attributed to neutrons 
produced in reaction (1.3). Coincident charged particles 
which traverse counter 1 only produce traces like 
The probability of random background pulses producing 
traces like 1 and 6 is expected to be equal. Since no 
traces like 6 were found It has been assumed that all 
traces like (l) were due to coincident particles.
The height of pulses from counters 1 and 2 were 
measured for all coincident traces. The pulse height 
from counter 1 was plotted against that from 2 as shown 
in figure 4.9* The specific ionization and energy 
selection of the proton telescope was used to eliminate 
events not due to protons. In all 17#000 traces were 
scanned and 453 coincidence protons were identified at 
all angles. In figure 4.9 the coincidence events 
observed with the proton telescope at 30 degrees are 
plotted. The expected response to pions protons and 
douterons is also shown. The bottom edge of the proton
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band is more sharply defined than the upper edge. This 
ia a consequence of the Landau distribution of energy 
loss in the thin scintillator* All spots above the 
dashed line were attributed to protons*
The calibration of the proton telescope changed by 
about 8^ during the run. Within the uncertainty of the 
calibration the pulse height from both counters 1 and 2 
decreased uniformly throughout the run* The pulse 
height resolution did not change* The decrease in 
pulse height was most likely due to change in gain of the 
distributed amplifier in the oscilloacope* The gain in 
this type of amplifier is very dependent upon valve 
characteristics * A direct check that the change in 
gain occurred in the oscilloscope could not be made 
since the initial sensitivity was not known to better 
than 10 percent* The morning and evening calibrations 
done each day liever differed by more than 6 percent, which 
was within the uncertainty of the individual calibrations*
To allow for the change in calibration the measured 
pulse heights were normalized using the average source 
calibration each day before they were plotted In figure 4*9# 
After the normalization the proton end point calibrations 
done at tho beginning and end of the run agreed to within
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0*5 percent, and differed from the average eource 
calibration by 6 precent. The average of tho source 
and endpoint calibrations was adopted* Expressed In 
deflection measured in the film reader it was
.0483 * I003^ Inchos/l MeV,
As an additional check on tho energy calibration 
of tho proton telescope « the pulse height produced by 
fast electrons traversing counter 2 was measured* A 
•005 inch copper sheet was placed in the bremsstrahlung 
beam* The oscilloscope was triggered by 1 + 3  
coincidences and the pulses fron counters 1 and 2 were 
displayed on the oscilloscope trace* The discriminator 
was sat using a thorium source to select particles 
loosing more than 2 MeV in counter 2* A ^ inch thick 
perspex absorber was placed between counters 2 and 3 00 
that only electrons leaving counter 2 with energy > 2 
MeV were selected* Tho oscilloscope traces were 
photographed and the heights of pulses from counters 
1 and 2 were ^measured. A histogram of the pulse height 
distribution for counter 2 is shown in figure 4#10*
The most probable pulse height estimated from the roktive 
numbers in the two most probable intervale is shown by the 
arrow* FoHoofing the suggestion of Cranshaw (1932) it
NO.
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Figure 4 » 10. Histogram of pulse height produced in 
counter 2 by polativistic electrons 
traversing the proton telpscope# The 
arrow indicates the most probable pulse 
height. The curve is the Landau 
distribution including counter 
resolution.
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was assumed that published values of specific ionization 
refer to the most probable energy loss* The most 
probable energy loss for the electrons in counter 2,
9«5 MeVf was obtained using 1,8 MeV cm /gm as the 
specific ionization for minimum ionizing particles.
The curve in figure 4,10 is the Landau distribution of 
energy loss with counter resolution (assumed 10 percent 
full width at half height) folded in* The Landau 
distribution was obtained using the prescription of 
Rossi (1952)* The pulse height distribution Implies the 
energy»' calibration is ,0462 ^ *003 in good
agreement with the adopted calibration*
The energy measured in the co’jinter telescopes must 
be corrected for energy lost by the particles escaping 
from the target to obtain the particle energy at creation* 
As the production occurs uniformly throughout the target 
volume a single energy for particles entering the 
telescope will correspond to a range of energy at 
creation* Thus 15 and 20 HeV protons produced at the 
near and far eideo of the target will have the same 
energy entering the counter telescope* At higher energy 
the spread is less being 2*5 and 1,6 MeV for 4o and 
HeV protons respectively. The creation energy of both
90 -
protons and pions have been related to measured particle 
energy by assuming that production occurred at the 
median plain of the target.
11In the background rune a total of 6.49 % 10 
equivalent quanta passed through the empty target. Ho 
coincident recoil protons were observed.
The continuous spot distribution in figure 4,9 
was divided into bins corresponding to 10 MeV Intervals 
for protons produced at the median plane of the target. 
The energy intervals are given in column 1 of table 4.1. 
The number of protons in each interval wa.B obtained by 
counting the spots in the proton band and is given in 
column 2, The R.M.S. deviations are given in the third 
column.
The experimentally observed angular distribution 
is presented in table ^.2. The number of protons 
observed at each angle is given in column 2 and the 
corresponding total flux at each angle in column 3.
The errors ar$ R.M.S, deviations only. The error due to 
relative monitoring of the photon flux were 5% and are 
small compared with the R.M.S. deviations. The
angular resolution is indicated in column 1.
Figure 4.11 shows the energy spectrum for recoil
Table 4.1
Energy Spectrum of Recoil Protons from Negative Pion 
Photoproduction in Deuterium
Proton Energy No. of R.M.S.
Interval Protons Deviation
17 - 27 15 3.9
27 - 37 82 9.0
37 - 47 133 11.6
47 - 57 84 9.2
57 - 67 54 7.4
67 - 77 23 4.8
> 7 7  5
Table 4.2
Angular Distribution of Recoil Protons from Negative 
Pion Production in Deuterium.
22 23 3.59 6.4 i 1.3
30 396 26.7 l4.8 * .74
38 32 3.44 9.3 t 1.6
46 2 1.73 1.2 Î .85
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Figure 4#1 Angular distribution oi recoil protons 
detected in coincidence with 46.3 to 
60.4 MeV negative plena produced at 
90 degrees in the reaction Y + d->p + p +
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protons measured at 30 1 3*5 degrees in coincidence with
46.3 to 60.4 HsV negative pions detected at 90 t 3*7 
degrees. The experimental points are takon from table 
4#1. Tho vertical bars indicate R,M,S. deviations#
The horizontal bars indicate the uncertainty due to the 
energy calibration which was + 7.2, - 6.2 percent# Curve 
A is the energy spectrum calculated for negative pion 
production at a free neutron at rest# Curve B is the 
energy spectrum obtained in the spectator model 
calculations# Curve 3 was normalized to the area under 
a histogram drawn through the experimental points.
The angular distribution of recoil protons detected 
in coincidence with the negative pions is shown in figure 
4.1 2 .  The experimental points were obtained from table
4.2# The vertical bars are n.M#S. deviations# The 
horizontal bars ropresent the angular resolution# ^3.5 
degrees# of the proton telescope# The curves A and B 
are the angular distributions calculated for negative 
pion production at a free neutron at rest # and for the 
spectator model description of pion production in 
deuterium. The curves were normalized to the experimental 
point at 30 degrees.
9 2  #
CHAPTER V
Calculation of Energy and Angular Diatributlons#
Tho experimental angular and energy distribution 
for recoil protons detected in coincidence with negative 
pions from deuterium are compared with the distributions 
calculated when the process is described by the spectator 
model. The agreement between the experimental and 
calculated distributions furnishes the test for validity 
of the spectator model. The simpler reaction 
Y + n p + (1.2) is also considered# although it is
not expected to give a good description of the proton 
energy and angular distributions. The comparison of 
the distributions calculated in the two approximations 
illustrates the effect of nucleon momentum on the observed 
distributions.
The energy and momentum conservation conditions 
for negative pion photoproduction at a free nucleon are
V » |i + P
■  “o *
where V and are the photon momentum and energy#
p and are the pion momentum and energy#
and P and are the proton momentum and kinetic energy.
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Figure Diagram of pion kinematics for negative 
pion production at a free neutron. The 
angular resolution of the pion telescope 
is shown.
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Figure 5*2. Diagram of proton kinematics for 
negative pion production at a free 
neutron* The angular acceptance 
of the proton telescope is indicated 
by the arrows#
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H ajâ H are the neutron and proton rest masses* n p
Equations (S#l) are a spécial case of the general 
tvo-^body erergy and momentum conservation conditions 
that have teen used to compute tables of kinematic 
relations for many reactions* Reaction (l«2) can not 
be observed|directly and kinematical tables for this 
reaction hs/e not been published* A desk calculator 
was used to compute the kinematical relations for 
reaction (1*2) for the small energy and angular range of 
interest here* The solutions given by Malmberg and 
Koester (1953) were used to solve for T » @ # T and QP P TV P
for various values of V and Q ♦ and 0 where 0 ando p  % p
are the proton and pion production angles measured
from the incident photon direction and is the pion
kinetic energy* The asterisk indicates quantities
expressed ia the centre of mass system* The conventional
kinematical diagrams are shown in figures 5*1 and 5*2.
Pion (proton) laboratory angle and energy are plotted on
the X and T axes respectively* Lines of constant
photon energy and pion (proton) centre of mass angle are
drawn on these diagrams* The two diagrams and the
relation between pion and proton centre of mass angles,
G * » 180 • G *, may be used to obtain laboratory angle% p
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and energy for the plon and proton for any particular . 
centre of maaa angle and incident photon energy.
A graphical method using figures g.l and 5*2 has 
been used to calculate the angular and energy distributions 
expected for recoil protons observed in coincidence with
46.3 to 60.4 MeV pions produced at 90 degrees. The 
angular resolution of the pion telescope is shown in 
figure 5*1« The effect of a finite target and the 
counter aperture have been considered. The angular 
acceptance of the pion telescope, 7*5 degrees, is the full 
width at half height given by the angular resolution 
curve. The pion energy and angular range accepted by 
the telescope is indicated by the rectangle in figure 5.1. 
The corresponding energy and angular range for the recoil 
protons is represented by the "diamond shaped** area in 
figure 3*2. If the cross section for pion production is 
assumed to be constant over the range of pion energy and 
angle accepted by the pion telescope, then to a good 
approximation the relative probability of a recoil 
proton being observed at a particular angle is given 
by the length of a line of constant which lies inside 
the "diamond shaped" area. The effect of finite target 
volume is considered by replacing the target by a number
- 95 *
of sour003 and adding the contribution from the various 
sources at each angle. The angular resolution of the 
proton telescope was folded in to obtain the expected 
experimentally observed angular distribution. Curve A 
in figure 4.12 is the angular dietribution expected for 
recoil protons detected in coincidence with negative 
plena produced at 90 degrees and 46.3 to 6o.4 lieV at a 
free neutron at rest.
The energy distribution of recoil protons was obtained 
in a similar way. The length of a line of constant T^ 
lying inside the "diamond shaped" area in figure 5#2 was 
used to obtain the relative probability of a recoil 
proton being produced at a particular energy. The 
energy resolution of the proton telescope was taken to 
be 10 MeV wide, the width of the bins used to obtain the 
experimental energy distribution. The effect of the 
energy resolution was included in calculating the energy 
spectrum by taking the probability of detecting a pion 
at an energy T to be proportional to the area under the 
energy distribution between T^ - 5 and T^ ♦ 5 MeV* The 
observed energy distribution calculated for recoil protons 
from pion photoproduction at a free neutron is curve A 
in figure 4,11. Since the angular acceptance of the
- 96 -
proton telescope vas vider than the distribution of 
recoil protons shown in figure g.2 no restriction on 
proton angle was required in calculating the observed 
energy distribution*
Spectator Model Calculation
The energy and momentum conservation conditions 
for negative pion photoproduction in deuterium are
V + D « p  + P + S
V + M_ « 2M ♦ T * X ♦ I t  (5«2)
o D  p p s *^ o
where S and T are the momentum and kinetic energy ofs
the spectator proton# and D and are the momentum and 
mass of the dauteron* Although there are only two 
particles in the initial state, there are three in the 
final state and measurement of the angle and energy of 
one final state particle does not allow a solution of 
5*2* The spectator model assumption is that the pion 
is produced at the neutron and the proton momentum is 
the same in the initial and final states* Since the 
deuteron is at rest
D » N + S ■ O (5.3)
where N is the neutron momentum* S may be eliminated
Figure 5*3. Geometry of spectator model description
of negative pion photoproductiou in 
deuterium*
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from (5#2) and the spectator proton energy# T »8 p
in the non relativlstic limit. The binding energy of 
the deuteron B# is included since *• B.
Pion production in deuterium has now been reduced to a 
two body reaction in which neither of the particles in 
the initial state are at rest. The geometry of the 
spectator model reaction is illustrated in figure 5*3*
The photon is incident along the Z-azle. The pion 
momentum is shown directed along the negative X-axis 
corresponding to the detection of the pion at pO degrees,
Tho initial neutron and recoil proton momenta are shown.
Equations (3#2) have been solved in the spectator 
model for proton energy T^ angles and 0^ and for the 
laboratory and centre of mass photon energy. The solutions 
are.
Tj> = A  "■ I A*" - [ M p - À ]  - [I Ni s/h s i n ^ n ]  —
I h / j  s i n  d n  ( i / ) ] I
— 9 8  **
Vo = + Tp (s', j
t _ InP + 2lN|v» e«56h-f v.’~ T
( y«+ j
[' - ■ "  }  k-"
where A = - B - - |Z«| cos
V^* Is the centre of mass photon energy,and C » 1# 
Tho various angles are defined in figure 5*3* The non 
relativistic relation between proton energy and momentum 
has been used.
The numerical computation of T^ etc. requires that 
the pion energy and the initial neutron momentum be known. 
The pion energy was defined by the pion telescope. The 
probability distribution for nucleon momenta in the 
deuteron was obtained from the lîulthén wave function.
It is
where a « (WB)^ » ^5*7 MeV and p » 2Ô0 t 2 MeV (iThite et 
al.,1960. The nucleon momentum distribution is isotropic
- 99
in space* The numerical computation waa done for the 
range of nucleon momenta appropriate to the doutoron. 
The Glasgow University Deuce computer waa used and T .
Jr
©pt sin and were computed for
10 values of N from 10 to 190 NeV,
7 values of 0^ from 0 to 180 degrees,
5 values of from 30 to 1)0 degrees#
3 valued of E from 188«2 to 197*6 MeV#
%
a total of 1050 combinations in all* The reaction la 
symmetrical about tho X - 2 piano in figure 5*3»
The pion centre of mass angle 0^* in the photon 
neutron centre of mass system corresponding to pion
emission at 90 deQToes in the laboratory system is
^  fcoa^ 'ô cos’^n +
= Tan^ -h------------- TTTTTl
"V [sin 0 cos0n t Vcm
/S-.9)
where - <ÎI^  + 2|k|v ^ cos 0^ + V^^)^/(V^ + M^)
is the velocity of the centre of mass in the laboratory
system.
COS e « (V„ ♦ 1n|cos 0^)/(N^ ♦ 2|H|V^ cos 6^ ♦
*» 100 —
and Bin 6 = |N| ein 6^ /(N^ ♦ 2 lN| V cos 0^ + V^)'*
O * was calculated for each combination of © and 0 % n n
for a few values of iNj and |l^  « 193 MeV and graphs of 
vs IKl drawn.
%
The probability of a pion being produced by a 
photon of energy # at a neutron with momentum N is 
proportional to the weighting function
V = /  ( IWI ) / (  /  (e„) ^(V^) (V^* e^*) (5.X0)
where ( |N( ) is the area under the nucleon momentum 
probability distribution (5*Q) between N - 10 and N + 10 
MeV.
/> (0) w 1 and ) » sin Q for an isotropic/  ^ n' ' ' n n
distribution.
/^(Vq ) was obtained from the Schiff thin target
spectrum with B » 307 MeV#max
and 0^*) is the differential cross section for
negative pion production at a free neutron expressed as 
a function of centre of mass photon energy and the pion 
production angle.
The appropriate weight W was assigned to each 
calculated recoil proton energy and angle. The energy
— loi—
spectrum vas obtained from tho assigned weights. The 
probability of a recoil proton being produced in an 
energy interval A about is given by the sum of the 
weights ¥ assigned to protons in the interval. In 
calculating the proton energy spectrum to be compared 
with the experimentally observed spectrum the requirement 
that the recoil proton enter the proton telescope vas 
imposed by considering the calculated 9^ and sin 
The effect of the finite target was included by considering 
that protons were produced at a number of sources* The 
limits on 9^ and sin 0^ depended on the proton telescope 
aperture and the source position in the target* The 
relative probability of detecting a proton at energy 
Ep was then proportional to £ W where the sum was taken 
from Ep - 5 to Ep 5 MeV# corresponding to the width of 
the energy bins used to obtain the experimental spectrum. 
Curve B in figure 5.2 shows the energy spectrum 
calculated in the spectator model for recoil protons 
detected at 30 i 3.5 degrees in coincidence with 46.3 
to 60.4 HeV pions produced at 90 degrees.
The angular distribution of the recoil protons was 
calculated in a similar way. Only protons for which 
sin 0^ indicated that the proton entered the proton
m 102 —
telescope were included* The telescope angular 
resolution was included by snmmtnQ from Q - 3 to
9 ^ + 3  degrees* The calculation was done for the centre 
of the target only. The angular distribution calculated 
In the spectator model for the recoil proton detected in 
coincidence with a negative pion at 90 degrees is shown 
in figure 5.1 curve D.
The differential cross section for pion photoproduction 
was obtained from Moravcsik’s paper (1937)# Graphs 
were dra^m of positive plon production cross sections aa 
a function of centre of mass photon energy for different
contre of mass pion angles 9^*# The -/+ ratio was 
aosumed constant over tho range of and 9^* involved
and was not used in calculating ¥. Apart from the -/+ 
ratio the use of cross sections for pion production at 
a nucleon at rest is not strictly correct since the 
transformation of the cross section from tho centre of 
mass to the laboratory system depends on nucleon 
momentum N.
The efficiency of the detection system may be checked 
by calculating the cross section for negative pion 
production. The number of recoil protons n# is related 
to the pion photoproduction cross section by
—  1 0 3  **
Tl = r -—  <5 Ail A/7 X F
Vo J
where Q Is the total flux expressed in equivalent quanta 
Ail is the solid angle subtended by the pion 
telescope at the centre of the target#
2and N is the total number of nuclei in the beam per cm • 
Tho photon energy and Interval and A are determined 
by the kinematics for negative pion photoproduction at 
a free neutron at rest. The quantity in brackets is the 
usual exi^ r'^ '^ s^ion for the number of pions detected. F 
is the fraction of the recoil protons expected to enter 
the proton telescope. The spectator model calculation 
gives F «= .097#
Tho number of recoil protons detected was corrected 
for counting losses due to multiple scattering and 
absorption of pions in the counter telescope and for pion 
decay in flight. The multiple scattering correction was 
calculated using the graphs of Stemheimer (1954). The 
data of Shapiro (l95l) and Byfield et al. (1952) for 
negative pion absorption in carbon including elastic and 
inelastic scattering was used. It was assumed that all 
pion decays in flight resulted in the )i meson being
— X04 —
scattered out of the pion toloscopo* The corrections 
were #
multiple scattering + 3 percent
absorption + 13 percent
decay in flight ♦ 8 percent#
The cross section for negative pion photoproduction
calculated from (5*11) is then 15*8 « 10*^^ cm?/steradian 
MeV ll2 percent.
The error assigned to the cross section was obtained 
from the errors listed below
beam monitor 10 percent
H.M.S# deviation 5 percent
definition of photon 
energy interval 4.5 percent
determination of E _ 2 percentmax
pion telescope solid 
angle 1.5 percent
The error in F depends on the impulse approximation 
calculations and was not included. The largo error 
assigned to the beam monitor was largely due to 
instability in the amplifier integrator system used.
The cross section for negative pion production in
- 105 ••
deuterlvua may be calculated using the experimentally 
measured positive pion cross section from hydrogen and the 
-/+ ratio from deuterium# The value obtained by 
interpolation of the experimental points given in 
Horavoelk*s paper (1957) vas 17#5 % lO"^^ cm?/steradian 
MeV llO percent* The cross section obtained from the 
experiment is ^  10 percent lower. This may be due to 
the competing photodisintegration process*
- lo6 -
CHAPTER VI 
PiscaoBion and Concluglona.
The agreement between the experimentally observed 
angular distribution for the recoil proton from negative 
pion photoproduction in deuterium and the distribution 
calculated in the spectator model is good. Figure 4,12 
indicates that the width of the angular distribution is 
several times that expected from negative pion production 
at a free neutron at rest. The additional width of the 
spectator model angular distribution is due to the neutron 
momentum. Tho angular distribution# like that obtained 
by Keck and Littauer (1952) supports the spectator model 
description of negative pion photoproduction in deuterium.
The energy spectrum observed for the recoil proton 
from negative pion photoproductiou in deuterium differs 
from the spectrum calculated using the spectator model 
approximation. The disagreement between individual 
experimental points in figure 4.11 and the curve B is 
not large but the fact that all the experimental points 
are shifted towards higher energy is significant. The 
"shift" is approximately 8 percent with respect to curve 
B for all points# and is slightly larger than the 
estimated uncertainty in the energy calibration. The
107 -
shape of tho observed spectrum Is veil represented by 
the spectator model calculation* Xn particular the 
excess of protons above the most probable energy agrees 
with the experimental points.
It is tempting to speculate that the"shift" is due 
to an error in the energy calibration of the proton 
telescope. The energy calibration has been done using, 
high energy protons# and thorium and sodium 22 gamma
ray sources. Tho calibrations agreed to within 
percent. The independent cheek of the calibration 
using relativistic electrons agreed with the adopted 
calibration well within the accuracy of the measurement. 
There is no evidence that the error in the energy 
calibration is larger than indicated in figure 4.11#
It ¥ae concluded that the "shift" can not be entirely 
due to errors in the energy calibration.
The possibility of including random events or 
particles which were not protons has been considered.
The single channel kicksorter was set to include pulse 
heights that extended well above and below the pion group 
to ensure that no pions were missed. The oscilloscope 
was triggered on large electron pulses and the probability 
of detecting electron pairs was considerable. The
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electrons vero well separated from protons by the dE/dx 
and E measurement of the proton telescope. The spots 
occurring close to the origin in figure 4.9 were 
attributed to electron pairs.
The separation between the pion and proton groups 
in the kicksorter display waa large and few protons were 
expected to trigger the oscilloscope. Consideration of 
the kinematics indicates that protons from pion production 
are not expected at 90 degrees. The detection of a 
coincident negative pion in the proton telescope was 
very improbable.
The probability of detecting a recoil deuteron from 
elastic neutral pion production in deuterium was small.
The correlation between a decay photon and the 
recoil deuteron is weak and the efficiency for the pion 
telescope detecting such photons is small. The two 
particles, pions and deuterons, most likely to be 
confused with protons in the proton telescope are thus 
very unlikely to occur in coincidence with an oscilloscope 
trigger.
The total absence of inverted coincidence events 
(trace 6 figure 4.8) is good evidence that the probability 
of a random particle being included in the energy
- 109 -
spectrum is small.
Coincident recoil neutrons from positive pion 
photoproduction in deuterium were excluded by the lack of 
a dE/dx pulse, A total of )2 events of this type wore 
found. Most of the pulses produced by counter 2 for these 
events corresponded to proton energies between 20 and 35 
MeV, An appreciable distrotion of the observed recoil 
proton spectrum would have occurred if the dE/dx and E 
proton identification had not been used.
Multiple scattering of the protons in the deuterium 
target was a small effect and was not strongly energy 
dependent. Scattering in the thin front scintillator 
in the proton telescope may be neglected. The counter 
geometry indicated that the number of protons striking 
the edges of the lead collimator equalled 6 percent of 
the number passing cleanly through it. An inelastic 
proton scatter in the edges of the collimator or 
penetration of the edges would produce a distortion in 
the proton spectrum. Since only a few spots occur in 
figure 4#9 that are not clearly electrons or protons it 
was assumed that effects due to the collimator edges 
were small. The counting losses calculated for the pion 
telescope were nearly independent of pion energy in the
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energy interval defined by the telescope.
The energy resolution of the detection system due 
to counter resolution and particle energy loss in the 
target, was typically Î3 MeV. It was narrower than the 
10 MeV intervals used to obtain the experimental spectrum. 
The width of tho intervals was mainly dictated by tho 
need to have significant statistical accuracy for the 
experimental point s *
The consideration of the experimental technique 
outlined above did not reveal any effect likely to 
produce a significant distortion in the energy spectrum.
The calculation of the energy spectrum in the 
spectator model approximation necessarily involved a 
number of approximations. The pion -/♦ ratio was 
assumed constant. The data included in Mo raves ik# s 
paper (1957) indicate that it may be expected to vary 
by about 10 percent in the energy and angular region 
that was expected to make the main contribution to the 
proton energy spectrum. The relation between the 
centre of mass and the laboratory cross section for pion 
production was assumed to be independent of the neutron 
momentum H. The error introduced by this approximation 
is difficult to estimate. It was considered that the
- Ill #
general accuracy of the spectator model calculatlone 
did not warrant detailed consideration of the -/+ ratio 
or the cross section transformation. The errors 
introduced by the other assumptions mad© in the spectator 
model calculation are expected to be smaller than those 
discussed above* It was concluded that the Curve B in 
figure 4.11 gives a good representation of the recoil 
proton energy spectrum predicted by the spectator model*
A small discrepancy between the recoil energy 
spectrum predicted by the spectator model and the 
observed spectrum exists* Although it is unlikely to be 
entirely due to experimental errors or errors in 
calculating the recoil proton energy spectrum, this 
possibility can not be completely ruled out* The 
spectator model neglects the interaction of the particles 
in the final state* The impulse approximation which 
includes the final state interaction has been shown to 
describe accurately pion photoproductiou in deuterium 
near threshold (Adamovic et alr^l959)« It is expected to 
be valid at higher energy also* The impulse approximation 
calculations of Thio (1952) for the recoil proton energy 
spectrum (curve C figure 1*10) indicate that the impulse 
approximation predicts an energy distribution shifted
— 112 —'
towards higher energy with respect to the spectator 
model calculations* The final state interaction is 
considered to be the most probable cause Of the 
discrepancy observed between the spectator model spectrum 
and experiment*
Although the energy and angular acceptance differed
slightly, the results of the present experiment may be
compared with those of Keck and Littauer (1952) * The 
energy spectra of the recoil proton obtained in the two
experiments differ* In particular the peak of the
energy spectrum obtained by Keck and Littauer was shifted 
towards higher energy by 10 to 12 MeV compared with the 
spectator model predictions* In the present experiment 
the peak ic shifted towards higher energy by 3 to 4 MeV# 
Keck and Littauer did not obtain an excess of protons 
above the most probable energy which was obtained in the 
present experiment end is predicted by the spectator 
model calculation* The experimental technique used in 
the present investigation was superior to that of Keck 
and Littauer in that a liquid deuterium target was used 
and the identification of particles included in the 
energy spectrum was more complete* It is considered 
that the large discrepancy observed by Keck and Littauer
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was due to an experimental effect. This view is 
supported by the difference between the measured cross 
sections. In the present experiment a value of 
15#8 Î 1.9 % 10 cm?/(steradian IÎ0V) was obtained in
good agreement with the cross section predicted by recent 
experimental values of the -/+ ratio and positive pion 
production cross section. Keck and Littauer quote 
10#8 Î 1.0 X 10*"^^ cm?/(steradian MeV) for the same 
cross section. Unless the difference is due to errors 
in beam monitoring the two values indicate that a 
substantial number of events were not detected in the 
earlier experiment.
It may be concluded from the present work that the 
spectator model provides a reasonable description of 
negative pion photoproduction in deuterium for photon 
energies about 230 MeV. There is some evidence that the 
interaction between particles in the final state has a 
small effect at this energy. A large discrepancy between 
the experimental energy spectrum for the recoil proton 
emd that predicted by the spectator model is ruled out*
The present findings agree with those of White et al.
(i960) that the spectator model description of pion 
photoproduction in deuterium is justified at energies
— Il4 —
well above threshold.
The differential cross section for negative pion 
photoproduction in deuterium at 90 Î 3*7 degrees and 
53 Î 7 MeV Is 15.8 1 1.9 * 10"^° cra?/(steradian MeV). 
This is ^ 10 percent below the value calculated from the 
-/+ ratio in deuterium and the positive pion photo­
production cross section in hydrogen. Although the 
difference can be accounted for by the Wilson (1956) 
model for photodisintegration of the deuteron the errors 
are too large for the difference to be significant.
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Summary of Ph$D# Thesis
Photepro4lictlon of Negative Plona in Deutarlmm
by H.C* Evans
Deuterium provides the most suitable target for 
studying the basic process of negative plon photo- 
production at a free neutron. For photon energies well 
above threshold the spectator model has been used to 
relate photoproduction In deuterium to photoproduction 
at a free neutron. Until recently no experimental 
test of the spectator model that clearly supported Its 
validity for negative plon photoproduction In deuterium 
had been reported. The spectator model has been 
Investigated using the 307 MeV bremsstrahlung beam of 
the Glasgow electron synchrotron. The simultaneous 
detection of plons and protons produced In a thin liquid 
deuterium target was accomplished using scintillation 
counter telescopes. The plons were detected at 
90 1 3.7 degrees In the energy range 46.3 to 60#4 MeV,
The angular distribution of recoil protons, and the 
energy spectrum of recoil protons detected at 30 t 3*5 
degrees were measured.
The measured angular distribution was well described 
by the angular distribution calculated In the spectator
.J
— 2 —
model. The measured energy spectrum has a broad 
maximum at 42 MeV. The shape of ttw spectrum /Is well 
described by the spectator model calculations^ ^T^he 
measured spectrum appears to be shifted towards higher 
energy by 3 to 4 MeV. It may be concluded that the 
spectator model provides a reasonable description of 
negative plon photoproduction In deuterium for photon 
energies about 230 MeV. The differential cross section 
for negative plon photoproduction In deuterium at 
90 Î 3.7 degrees and 53 * 7 MeV Is 15.8 ± 1.9 x 10"^°
.'y 2
cm /steradlan MeV.
